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Cover: Fluorescence photomicrograph of a portion of a lamp-

brush chromosome from a newt oocyte, obtained by Joseph Gall

and Mark Roth of the Department of Embryology in Baltimore.

The main axis of the chromosome shows up white after staining

with a dye specific for DNA. The lateral transcription loops, sites

of active RNA synthesis, appear red after immunofiuorescent

staining with a monoclonal antibody. The lampbrush stage, which

offers an excellent opportunity for studying chromosome struc-

ture and function, occurs during the development of the amphib-

ian oocyte. (Reproduced from the cover of Journal of Cell

Biology, vol. 105, no. 3, September 1987, by copyright permission

of Rockefeller University Press.)
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At right, the discovery plate of Supernova 1987A. The supernova was discovered by Ian Shelton from this photo, taken at

Las Campanas after midnight February 24, 1987. The supernova, which is seen to the right of and slightly below the larger

shape of the Tarantula Nebula, is not visible on Shelton's preceding plate, at left. The supernova soon became the brightest

object in the Cloud. (The photos were obtained by Shelton of the University of Toronto at Carnegie's 10-inch refractor

telescope, or astrograph.)



President's Commentary

Two remarkable events, both attracting wide public attention,

gave unusual flavor to the year in science. Supernova
1987A was the closest new supernova to be observed since the

year 1604, several years before Galileo first turned a telescope

to the heavens. The exploding star was discovered at Las

Campanas a few hours before dawn, February 24, 1987. In the

days and months that followed, scores of investigators studied

the changing supernova in detail from observations obtained

nightly at telescopes throughout the Southern Hemisphere.

Then on March 18, after weeks of frenzied activity in several

laboratories, in an all-night session of the American Physical

Society meeting in New York, came public discussions reporting

the discovery of a new class of material—one capable of conducting

electricity without detectable energy loss at readily achieved

temperatures. Industrial research laboratories worldwide had

already joined in a race to improve upon and exploit the discovery

of the new class of superconductors.

Carnegie Institution had unusual roles—to be described in the

pages that follow—both in the discovery of the supernova and

in the superconductor breakthrough. In both cases, our immediate

contributions brought us temporarily to the forefront of science

news; but equally satisfying was the payoff from long years of

painstaking preparation by our people. That the supernova was
discovered at our Las Campanas observatory was largely

happenstance, for example, but it happened only because the

Institution had for nearly two decades worked to develop a

Southern Hemisphere observatory of world class, one whose

telescopes and other instruments now regularly provide

observational data among the world's finest. In like fashion, the

contribution of our crystallographers at the Geophysical

Laboratory—in becoming the first to decipher the structure of
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the newly discovered superconductor—reflected the Laboratory's

acknowledged leadership, patiently developed over many years,

in wide-ranging and advanced spectral analysis.

The report year also saw continuing developments in two
long-term ventures, which together define our future course in

the physical sciences. The first of these is Project Magellan—the

partnership with the Johns Hopkins University and the University

of Arizona toward a future 8-meter telescope at Las Campanas.
Magellan was this year marked by meetings of the Science

Working Group, the completion of several optical engineering

studies, site testing at Las Campanas, and the successful spin-

casting in Arizona of a 1.8-meter mirror, to serve as a test

model for future 8-meter mirrors (see pp. 76-79). Much work
and many decisions in detail remain for the future, but the

outlook is decidedly encouraging, and the energy and talent of

our leaders Ray Weymann, Al Hiltner, Eric Persson, and
Stephen Shectman speak well for ultimate success.

The necessary counterpart to our present planning for Las

Campanas was our decision several years ago to finds ways to

withdraw from our support of activities at Mount Wilson. We
are pleased by the recent organization of the Mount Wilson

Institute and by its plans to assume operations at Mount Wilson

in both scientific research—the historic and intended role of the

observatory—and education and recreation. Our executive

committee on September 17, 1987, expressed willingness to turn

over operation and, if necessary for such operation, the ownership

of our facilities on Mount Wilson, subject to the attainment by
the Institute of adequate financial resources, approval by the

U.S. Forest Service (the lessor of the land), and arrangements

as to the Carnegie Institution's rights of reversion.

The strength of my interest in our second major long-term

venture—the co-location of the Geophysical Laboratory and the

Department of Terrestrial Magnetism (DTM) at the DTM
campus—doubtless reflects my role last year as chairman of the

joint visiting committee to the two departments (and before that

as a member of the DTM visiting committee). In the meetings

last year, we discussed with the staff members and fellows of

the two departments the many promising scientific frontiers that

lie ahead—the new theories, data sources, and instruments that

together signify our presence at the threshold of an era of rapid

progress in the earth and planetary sciences. When our

conversations touched on possible changes in the two departments,

I detected powerful loyalties among our people—loyalties to the



PRESIDENTS COMMENTARY

Institution and department, to the individual's particular scientific

subdiscipline, and especially to the individual's current and

planned research program. All of these are healthy drives,

strongly coloring each individual's views of his or her place in

the Institution and in the larger scientific world. Ours are men
and women of strong and often independent conviction, and it is

our challenge to provide them the physical and intellectual

environment to produce the best work of which each is capable.

In spring 1987, the firm of Peirce Pierce & Kramer completed

the architectural schematic plan and analysis of budget implications

requested by the Institution's trustees a year earlier. Under
their proposal, a new research building of approximately 75,000

gross square feet is to be built, with a flexible floor plan for

offices, laboratories, and support spaces, which can respond to

changing research opportunities over the life of the building.

Envisioned are a brick facade, cast stone trim, vertically

proportioned windows, and sloped roof edges, all continuing

architectural themes now seen in the present main DTM building.

The latter is to be expanded to include substantial library

space and a 100-seat lecture hall; the new research building and

the present main building are to be linked by a porticoed walkway
at ground level and an underground passageway. The present

cyclotron, accelerator, and experiment buildings are to be

preserved, and the five buildings will form a complex encircling

a central knoll.

In May 1987, the Executive Committee of the Institution's

Board of Trustees (1) authorized a budget to $17.5 million for

design, construction, and renovation of existing facilities on the

site, (2) authorized the president to commission a final architectural

plan, and (3) authorized the president thereafter to execute

contracts for the new construction and renovations. Plainly, we
are well under way.

The Year's Research. The true measure of the year's work, of

course, is to be found in the contributions of our scientists to

knowledge and understanding. A representative sample of these

contributions are described in the pages that follow—enough of

a sampling, it is hoped, to portray the breadth and quality of the

Institution's scientific work. Persons interested in detailed,

scholarly discussions of particular investigations are referred to

the bibliography of published work toward the back of this book.

While our leadership in research is assuredly wide-ranging,

there is a surprising extent of interconnectedness—in part a
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circumstance resulting from the shared facilities for research at

the departments and also in part a product of the successive

decisions on staff appointments over the years, where likely

patterns of collaboration and common interest are recognized.

It would be presumptious to deem certain of our current

investigations as the most significant. I am, however, struck by
the work of several of our developmental biologists at the

Department of Embryology, who continue to probe how genes

work—the interactions between proteins and DNA, for example,

which produce the dramatic cellular differentiations marking

early development of the organism in Drosophila, C. elegans,

and the toad Xenopus. It is also especially interesting to see

that plants are coming under similarly detailed study at the

level of the genetic molecule in work at the Department of Plant

Biology studying gene functions in response to light.

Our astronomers continue their leading work, often in

collaboration with investigators at other institutions, in various

studies bearing on cosmological matters—the origins of the

present Universe, its structure, the magnitude and character of

its unseen matter, its distances, its expansion, and its ultimate

fate. One recent investigation stirred wide attention in showing

a substantial deviation in the expansion of the local Universe

from the uniformity generally supposed. Described in this Year
Book is recent evidence strongly indicating the presence of

massive black holes at the nuclei of two nearby spiral galaxies.

The discovery lends credibility to the concept that black holes at

the centers of galaxies provide the energy sources giving rise to

quasars.

At a different level, astronomy overlaps the earth and planetary

sciences in studying questions of star and solar system formation,

and our people at DTM are taking interesting roles in bringing

together the perspectives of several, pertinent subdisciplines.

Meanwhile at the Geophysical Laboratory, new techniques for

experimental investigation of condensed gases at ultrahigh

pressures are pointing toward future understanding of materials

under conditions likely to have existed in the planets of our solar

system.

A Changeover at the Helm. When James Ebert came to

Washington as president of the Institution in 1978, he hit the

ground running. From his long tenure at the Department of

Embryology, he understood the Institution from within. But

although he knew and deeply respected the Institution's traditional

ways, he felt strongly how things should be changed.
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He knew how to go about winning the interest and financial

support of private foundations, for example, and he quickly

achieved striking success on that front. By reversing the

Institution's disinclination to seek major support from private

and governmental sources, he made it possible to expand activities

and achieve significant upgrading of equipment in each of the

Institution's five departments. Early in his presidency, Ebert
announced the objective "to bring the budget into balance, while

a long-range program for doubling the Institution's endowment
is developed and implemented." Thus the chronic operating

deficit of the early 1970's became a surplus in six of Ebert's nine

years, while the endowment was indeed doubled, greatly helped

by investment performance in years of rising values. Plainly,

although it was doing more, the Institution had succeeded in

living within its resources.

Although the basic character of the Institution remained

fundamentally the same under Ebert, there were changes in

coloration. The number of individuals serving as postdoctoral

fellows and research associates increased, and there was an even

more striking increase in the numbers of women scientists.

There was emphasis on developing the Institution's international

roles, including strong initiatives in opening scientific links to

China. Ebert, whose own research career had always been

tempered by the unconventional, seemed able to find funds to

support whatever new and pioneering venture was brought to

him from one of the departments. Meanwhile, the long-term

goals of the Institution, Ebert believed, were to be served

primarily by attracting the very best or most promising

investigators; any perceived need that particular lines of

investigation fall into some larger plan or research "program"

was never a consideration. Meanwhile, there was an unmistakable

interest in encouraging syntheses of knowledge across interdisci-

plinary boundaries, an approach that seemed to hold promise of

significant results in an age of increasing specialization. It was
an outlook strongly echoed by the Institution's trustees and

members of our visiting committees.

In a quiet way, Ebert also tried to bring out the best efforts

from the trustees, cajoling them to a more active role in the

various committee activities, enlisting their help in fund-raising,

and keeping them abreast of activities at the departments. At
P Street, there was a reorganization in the Institution's financial

operations, a strengthening in employee benefits and grants

administration, an interesting venture in science policy, and a

recasting of the Institution's publications, to include a shorter
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and different kind of Year Book, a more active public relations

posture, and the introduction of the Perspectives in Science

educational booklets and radio broadcasts.

Probably the Institution's most significant policy decisions

during the Ebert years were in the physical sciences. In

encouraging and ultimately taking responsibility for the decisions

to cease support of activities on Mount Wilson, to go ahead with

an 8-meter telescope at Las Campanas, and to plan a new
building for the Washington-based physical scientists, chairmen

William Hewlett and Richard Heckert and the other members of

the Board understood that they were in effect setting the

Institution's agenda for many years ahead.

We highlight also the contributions of Margaret MacVicar,
who came to Carnegie Institution as vice president in 1983. She

helped move the Institution toward serious planning for the

changes in the physical sciences and herself took a leading role

in working out these plans as they matured. Dr. MacVicar is

now dean for undergraduate education at MIT.
James Ebert's successor, effective March 1, 1988, will be the

leading molecular biologist Maxine F. Singer. Singer joins us

from the National Institutes of Health (NIH), where she leads a

laboratory consisting of some fifteen research groups engaged

in various biochemical investigations. Her research over the

years at NIH has yielded forefront contributions in many areas,

and she has written on various ethical issues—an involvement

stemming from her role as chairman of the Gordon conference

raising the first concerns about recombinant DNA research. A
member of the organizing committee of the 1975 Asilomar

conference where guidelines for recombinant DNA research

were drawn, she was actively involved in the subject for nearly

a decade thereafter.

Her wide-ranging professional activities have reached from

the chairmanship of the editorial board of the Proceedings of the

National Academy of Sciences to service as trustee, Yale

University, and member of the board, Whitehead Institute for

Biomedical Research. She is member of the Board of Governors

and Scientific Advisory Council, Weizmann Institute, Israel.

Elected to the National Academy of Sciences in 1979 and to the

Pontifical Academy of Sciences (The Vatican) in 1986, she

holds various awards and honorary doctorates. She has four

children, all of whom have as young adults entered graduate

schools.

It is a deep satisfaction to me and to the other trustees that

this remarkable woman is to become the Institution's eighth
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president. Indeed, the only untidy aspect in the whole transition

is the necessity for my own eight-month acting presidency. My
guiding principle in this interval is to maintain among our people

the vigor and enthusiasm of recent years; but though we restrain

ourselves from major perturbations during this time, we won't

allow our forward initiatives to stagnate.

For President Singer, there are challenges ahead, many of

them very practical ones stemming from the wish to do more
and more, meanwhile avoiding red ink in the operating budget.

The new course in astronomy and the earth sciences will require

strong leadership lest the Institution drift into comfortable but

weak patterns that become ingrained. There will be challenges

in working with our partners in the telescope venture, in finding

ways to hold down the impact on our endowment of our major

capital spending, in preserving a healthy flow of new blood into

our research staffs, in strengthening our nondiscriminatory

policies toward minorities. Her role as a leader in establishing

the nation's policies for biological research and scientific education

is certain to expand. During her years, the Institution will

surely face a whole new range of challenges not now foreseeable;

doubtlessly some of these will stem from her own initiatives and

leadership. Like her distinguished predecessors, she will guide

the Institution to the place in science and in society that she

perceives to be right, one eye to preserving its tradition of

excellence, the other to its future.

In conveying the torch to Maxine Singer, I offer to her my
wholehearted good wishes. For the years ahead, I pledge to her

and to the Institution my effective support.

Edward E. David, Jr.

Acting President

December 10, 1987
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The Biological Sciences

Ecological and physiological studies on a model system

with a common evolutionary background parallel the

molecular biologist's approach of starting with a single

genotype, producing mutants in the lab, subjecting the

mutants to artificial selection, and analyzing the

products of the selection.

Christopher Field

Department of Plant Biology

July 1987

Research in the biological sciences at the Carnegie Institution of

Washington continues to be split roughly into two parts: biological

development is emphasized at the Department of Embryology in

Baltimore, Maryland, and plant adaptation is the major focus at the

Department of Plant Biology in Stanford, California. While the

boundaries represented by these two foci continue to be real (cells

other than plant cells, for instance, are little affected by light), the

themes among developmental and plant scientists overlap, and
many of the tools are similar. In the above quotation by Plant

Biology's Christopher Field, for example, it is clear that for ecologists

and molecular biologists alike, evolution can be both tool and

theme.

Context is everything in biological research. Examining the

behavior of a single pathway in photosynthesis, an individual

animal cell, or a solitary gene may not reflect accurately the range

of conditions that make each work in its natural environment.

Though it is necessary to understand individual components of a

natural system, the real challenge in biology is to learn how those

parts relate to the whole. Often, the only way to go about doing

this is to create an artificial environment, be it a test tube or a

mathematical model, in which the individual variables can be

artificially manipulated under carefully controlled conditions.

This business of biology—the manipulation of environments—is

much in evidence in the report that follows. At both the Department
of Embryology and the Department of Plant Biology, for example,

molecular scientists are more and more manipulating genes using

13
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a technique called in vitro mutagenesis. This involves isolating a

gene or part of a gene, altering it, and then inserting it back into

the organism, where, by virtue of its genetic (phenotypic) effect, it

can be tested for function.

This year, Embryology staff associate Andrew Fire, working
toward the development of such a technique in the roundworm
Caenorhabditis elegans, reports for the first time a method of

transferring C. elegans genes stably and permanently. This is a
critical step in studying gene function, and promises to advance
genetic studies for this organism in much the way that Allan
Spradling and Gerald Rubin's similar discovery five years ago
advanced research in the fruit fly, Drosophila.

In another example of manipulation, Plant Biology's Joseph
Berry has developed a mathematical model to assess the relative

contributions of a range of constraining components in determining

the overall steady-state rate in photosynthesis. Modeling techniques

also help Christopher Field in quantifying the factors contributing

to the light environment of a tropical rainforest; using these

techniques, he can evaluate the consequences of hypothetical

changes, like moving plants between sites or changing the structure

of the leaf canopy above.

While such work may yield practical benefits, such as better

understanding of rainforest management, improved strains of crop

plants, or cures for cancers or disease, the ultimate goal of

biological manipulation among Carnegie scientists is to understand

the natural processes by which organisms develop and adapt.

This focus has in the past yielded many insights across a broad

spectrum of biology. This tradition, as evident in the essay that

follows, continues unabated.

Gene Regulation During Development

We want to identify all the molecules that are involved

in activating or repressing a particular gene. When this

is accomplished, we can trace the developmental

history of these regulatory molecules. . . .

Donald Brown
Department of Embryology
July 1987

How are the genes of higher organisms turned on and off during

development? As more and more genes of developmental interest

become known—their functions charted, the mechanisms of their

molecular interactions probed—this difficult question becomes ever

more focused. Increasingly, scientists are asking how genes work
with each other and with other cellular components to produce the

striking cell differentiations of embryonic growth. This is the

general focus of Department of Embryology scientists Donald



THE BIOLOGICAL SCIENCES 15

Brown, Steven McKnight, Philip Beachy, Allan Spradling, and
Samuel Ward.
One common theme among these scientists is the important role

for protein each finds in the regulation of genes. The interaction of

protein and DNA has become a major motif in the study of gene
function. Many, if not most, eukaryotic genes will not be expressed

unless bound in some conformation with protein. Sometimes, more
than one protein is involved. This is the case with the 5S RNA
genes of the toad Xenopus.

Differential Gene Activity of the 5S RNA Gene System. The
Xenopus 5S RNA genes were the first eukaryotic genes for which
protein binding factors were identified and isolated. Much of the

work was done several years ago in Donald Brown's laboratory at

the Department of Embryology. Brown found that in order for a 5S
RNA gene to be expressed, it must interact with several proteins,

all bound together in a "transcription complex."

Two kinds of 5S RNA genes are present in Xenopus cells

—

oocyte-type 5S RNA genes and somatic-type 5S RNA genes.

Transcription complexes requiring identical proteins must form
around both kinds in order for each to be expressed, but the two
are not expressed equally. The somatic-type genes are turned on in

both oocytes (egg cells) and somatic (body) cells, while the oocyte-

type genes are expressed only in oocytes; in somatic cells, the

oocyte genes are turned off. Deactivation happens quickly. A newly
formed embryo—just a few cell divisions beyond fertilization

—

expresses many of its oocyte genes, but by the time the embryo
reaches the blastula stage (about 12 cell divisions later), most of the

oocyte genes have been shut off.

Several years ago, Brown and his colleagues found that 5S RNA
transcription complexes were very stable in extracts in vitro (test

tube). The complexes could last for days, even weeks, producing

many rounds of RNA. This year, postdoctoral fellow Martyn Darby
confirmed the previous in vitro experiments by determining that

the same phenomenon occurs in genes injected into living oocytes.

When he inserted cloned 5S RNA genes directly into the oocyte

nucleus, the genes immediately formed transcription complexes.

When he then injected a second set of genes into the oocyte, the

first complexes held fast; the second set of genes did not knock

over the complexes on the first set and use the proteins to form

their own complexes. Darby showed further that the genes were
inactivated by meiosis, the final maturation process that creates sex

cells. This result showed, again, that injected genes in vivo behave

like those examined in an artificial environment.

In other early experiments with 5S RNA transcription complexes,

Brown and colleagues showed that the oocyte-type genes have a

lower affinity to the binding protein TFIIIA, and thus do not
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compete for TFIIIA as well as their somatic-type counterparts. (As

the embryo matures, the concentration of TFIIIA falls drastically,

thus creating a competitive environment.) Recent experiments by
postdoctoral fellow Allan Wolffe, however, suggest that the drop in

TFIIIA concentration is not the only culprit in dislodging oocyte-

type gene complexes. Wolffe finds that transcription complexes

associated with oocyte 5S RNA genes are preferentially destablized

in somatic cells, while those with somatic 5S RNA genes are

inherently stable.

Though poorly understood, Wolffe's result agrees well with an

experiment done recently by postdoctoral fellow Matthew Andrews.
By injecting a synthetic TFIIIA mRNA into fertilized egg cells,

Andrews was able to elevate the concentration of TFIIIA to

artificially high levels during early embryogenesis. By the time the

oocyte-type genes would normally turn off (by mid-blastula stage),

there was enough TFIIIA to support the formation of transcription

complexes, and the oocyte-type genes were turned on. However,
by late gastrula (several cell divisions later), the oocyte-type genes

had all returned to their normally silent state. This occurred

despite continued elevation of TFIIIA. What was the molecular

mechanism behind this loss of gene activity? No one can yet say.

TFIIIA is one of three (possibly more) proteins bound in the 5S
RNA gene transcription complex, but it is the only one that is

gene-specific. It is, thus, a critical component. Brown and colleagues

have found that TFIIIA is synthesized in large amounts and stored

in immature Xenopus oocytes. This year, they found that two other

proteins, possibly related to TFIIIA but not part of the 5S RNA
transcription complex, accumulate at about the same time as

TFIIIA. Predoctoral fellow Eric Crawford has isolated cDNA
clones for both of these proteins, and has almost completed the

characterization of the genes. In the future, he intends to explore

what role, if any, these genes play in the regulation of the 5S RNA
gene system.

Meanwhile, Brown and postdoctoral fellow Richard Losa have

examined the extent to which a nucleosome—an aggregrate of

histone proteins spaced along the chromosomal DNA—impedes

transcription of the 5S RNA genes by the transcribing enzyme,

RNA polymerase. Nucleosomes, which many believe play a major

role in condensing the chromosomes so that they fit into the nuclei,

are littered throughout the genome. Their presence raised some
logistical questions. Do they act as road blocks for polymerase? Are
they dislodged, moved, or lost by polymerase transit? The answer,

Brown and Losa found, is that nucleosomes have no detectable

influence on the rate or extent of transcription, nor are nucleosomes

dislodged from the DNA by transcription.

Transcriptional regulation in mammalian cells. Just as Brown's
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goal is to identify all the molecules involved in activating a Xenopus
5S RNA gene, staff member Steven McKnight wishes to uncover

the molecular mechanisms that surround the regulation of herpes

simplex virus (HSV) in mammalian cells. When introduced into a

cultured mammalian cell, HSV specifies the synthesis of some 50 to

100 proteins. The genes that encode these viral proteins are

expressed in an ordered, hierarchial manner; some, like the IE
(immediate early) genes, turn on very early following infection,

while others, the delayed early (DE) or late (L) genes, turn on only

later.

In studying the details of these hierarchies, McKnight has found

that the regulation of HSV expression results from the interplay of

three categories of components. The first consists of regulatory

sequences along the HSV genes that specify the genes' temporal

pattern of expression. The second consists of host (mammalian) cell

proteins that bind directly to the regulatory sequences in the viral

genes. And the third consists of viral regulatory proteins, which
interact with the host cell transcriptional machinery, modulating its

activity.

During the past year, much of the effort in McKnight's lab has

been directed toward identifying and purifying the host cell proteins

that bind to the regulatory DNA sequences of HSV (second category,

above). Postdoctoral fellows Steve Triezenberg and Kelly LaMarco
have identified two such proteins capable of specific interaction with

the viral regulatory DNA sequences associated with IE genes.

Once they fully characterize these proteins, the two investigators

hope to examine how these host cell proteins interact with viral

protein VP16 (third category, above), which selectively induces IE
gene expression.

VP16 is a very specific activator; the only genes that appear to

be responsive to it are the IE genes. Surprisingly, however, VP16
does not appear to be a sequence-specific DNA binding protein.

Instead, the specificity of its action appears to be channeled through

two host cell DNA-binding proteins that interact with IE regulatory

DNA sequences. An unresolved question of high priority in

McKnight's lab is how this interaction works: does VP16 interact

directly with the cellular DNA binding proteins, or does it act

indirectly via an intracellular signaling pathway?
In order to answer this and related questions about HSV

regulation, McKnight's group has had to purify relatively rare

transcriptional regulatory proteins. Recently, postdoctoral fellow

Peter Johnson and graduate student William Landschultz, along

with summer students Chris Hug and James Montoya, achieved the

complete purification of one such protein—a DNA-binding protein

from rat liver nuclei called CAT-binding protein. The protein was
so named because it was found originally to bind specifically to a

regulatory region of the HSV thymidine kinase gene having a



18 CARNEGIE INSTITUTION

pentanucleotide sequence of two cytosines (C), two adenines (A),

and one thymine (T). Johnson recently found, however, that the

CAT-binding protein also exhibits affinity for another DNA sequence

motif—one common to many viral genes. Work is continuing

apace to clone the gene that encodes CAT-binding protein to

explore why this is so.

"Master" Genes in Drosophila. That genes work together to

effect the profound changes which occur during development is

becoming more and more evident. Geneticists and molecular

biologists who study Drosophila, for example, have uncovered a

three-tiered hierarchy of "master" genes that control embryonic
development. The first tier contains genes required during oogenesis

to establish dorsal/ventral and anterior/posterior polarities. The
second consists of genes which divide the early embryo into

segments. The third set—the homeotic genes—control the program
of morphogenesis to produce the specific structures unique to each

segment. How this hierarchy of genetic control produces the

precision and intricacy of the pattern evident throughout development

is the subject of intense investigation by laboratories throughout

the world.

At the Department of Embryology, staff associate Philip Beachy
is studying the gene Ultrabithorax (Ubx), one of the Drosophila

homeotic genes that is responsible for producing the specialized

features of the fly's segmented body plan. While a graduate student

in David Hogness's laboratory at Stanford University, Beachy
established several years ago that Ubx appears to interact closely

with other homeotic genes. Others had shown previously that the

homeotic gene Antp is expressed at abnormally high levels in a

certain region of embryos defective for Ubx function. In normal

embryos this region is associated with a high level of Ubx protein

expression, and thus, Ubx proteins appear to be required for the

repression of Antp. Beachy's discovery that several high-affinity

binding sites for Ubx protein are located near the start site of the

Antp gene suggested that this repression was a direct result of the

interaction of Ubx protein with Antp gene sequences.

Beachy is now attempting to find other £/6x-regulated genes

whose protein products play critical roles in Drosophila development.

So far, he has identified two strong candidates. One is the

decapentaplegic (dpp) gene, which plays an important role in

imaginal disc morphogenesis and which bears homology to TGF-p,
a vertebrate growth factor. (Imaginal discs are discrete groups of

embryonic precursor cells which produce adult structures.) The
other is Notch (N), which is homologous to another vertebrate

growth factor (EGF), and which plays a role in the routing of

ectodermal cells into either epidermal or neural pathways. Beachy
finds that Ubx proteins bind strongly to specific DNA sequences in
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both the dpp and N genes; they are thus likely targets of homeotic

gene regulation.

Identifying these two genes was relatively easy, thanks to

extensive genetic and molecular characterizations done elsewhere.

More difficult is the identification of t/6x-regulated genes whose
mutations are not genetically or molecularly identified. Beachy goes

about this task in two ways. The first is to use purified Ubx
protein as a probe to isolate the DNA sequences that it binds to;

such binding sites should be found near genes that are homeotic

regulatory targets. As a first step in this strategy, Beachy has

purified large quantities of Ubx protein produced in E. coli, using a

new method which exploits the high affinity of Ubx protein for

specific DNA sequences linked to a solid matrix.

In a second approach, Beachy is screening a set of mutant fly

strains supplied by Embryology staff member Allan Spradling and

colleagues. The mutant genes in these strains are relatively easy to

isolate because they are obtained through the action of transposable

P elements. P elements are capable of "hopping," or transposing,

into a gene, thereby disrupting it; the disrupted gene can be

located by virtue of its proximity to the P element. To determine

which if any of these mutant genes are developmentally interesting,

Beachy examines them using antibodies known to stain cells of the

central and peripheral nervous systems. So far, he has found

mutations in several potentially interesting genes. Eventually, he

hopes to analyze these genes to determine whether Ubx protein-

binding sites are present, and if so, to learn how they are involved

in regulation.

What are the DNA sequence requirements for meaningful Ubx
protein binding? All of the naturally occurring binding sites contain

multiple tandem repeats of the trinucleotide TAA. By examining

cloned synthetic sequences, Beachy finds that four repeats of

the TAA motif are sufficient for binding whereas three repeats are

not. Additionally, he has found a curious linkage between Ubx
binding sites and sequences which preferentially adopt a curved

conformation. (Ordinary DNA shows no such preference, and is

quite stiff over short distances.) What this means is yet unclear,

particularly since the regions of curvature lie near but do not

overlap the binding sites. Might this curvature exert some indirect

influence on how Ubx protein binds DNA, Beachy wonders?

Regulation of Eggshell Genes. One reason why Drosophila is so

important to molecular biologists is that it has been well characterized

genetically. Thus, there exist many genes with known functions

whose mutations are readily identified. Allan Spradling takes

advantage of this in his studies on Drosophila chorion, or eggshell,

genes. Chorion genes are expressed in massive amounts early in

the development of the Drosophila oocyte, when the female is
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Centripetally migrating F.C.

Nurse cell

Border Cells
NX. assoc. F.C.

Fig. 1. An immature Drosophila oocyte, shown schematically at

top and in thin section below, is the subject of study by Allan

Spradling and his colleagues at the Department of Embryology.

The nucleus, or germinal vesicle (G.V.), is located in the dorsal

anterior portion of the cell. The nurse cells (N.C.), at right,

provide nutrients. Individual follicle cells (F.C), which make the

chorion eggshell proteins, surround the oocyte. A few follicle cells

have begun to migrate centripetally between the oocyte and

nurse cells. A small group of border cells have already migrated

to a position at the future anterior end of the egg.

Thin section shows the results of an experiment by graduate

student Suki Parks (see text, p. 21). Parks added a radioactive

probe specific for the RNA transcripts of one of the chorion

genes. The dark emulsion grains above a group of follicle cells

located near the top center of the photo indicate specific

expression of the gene. Parks found that the gene is expressed in

the other follicle cells only later; this suggests that some form of

signal, passing between cells, is important in gene activation.
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preparing to lay eggs. Spradling and his Carnegie colleagues are

interested in learning how the chorion genes are regulated and how
the interactions of different cell types contribute to this regulation.

Only a few types of cells directly contribute to the construction of

the Drosophila oocyte. One such cell type, the nurse cell, synthesizes

most of the egg's contents and then transports these components
into the oocyte through channels located near the border cells (see

Fig. 1). A single layer of follicle cells surrounds both the nurse cells

and the oocyte. It is the follicle cells that secrete the eggshell

protein.

Some time ago, Spradling and colleagues found that the genes in

follicle cells that make eggshell protein become amplified, or

increased in number, when the female is laying eggs. Amplification

allows the genes to make the massive amounts of protein required

to produce eggs very rapidly. This year, graduate student Suki

Parks found that cell-cell interactions between follicle cells and the

oocyte may be important in regulating the proper temporal
expression of these amplified genes. Using in situ hybridization, a

method for visualizing individual cells where a chorion gene has

become active, Parks demonstrated that certain chorion genes turn

on in specific subsets of follicle cells.

One of Parks's experiments is illustrated in the bottom photograph

of Figure 1 (a Drosophila egg chamber). The black emulsion grains

in a group of follicle cells at the top of the oocyte, near the junction

with the nurse cells, indicate that a particular chorion gene is

active. This gene becomes active in other cells only later, Parks

finds, suggesting that signals passing between cells are important

in turning on the gene.

Postdoctoral fellow Lynn Cooley has begun to look for a set of

mutant genes that may be contributing to this signaling phenomenon.

Specifically, she is looking for mutants that disrupt cellular

communication; these appear genetically as defects in eggshell

structure. So far, Cooley has mapped and cloned two such genes,

chickadee and kelch, and is currently studying their molecular

structure.

Meanwhile, Spradling and postdoctoral fellow Richard Kelley

continue to examine the mechanism and regulation of chorion gene

amplification. This year, Kelley isolated a gene called 293, the

first gene to be cloned from among a group known to be required

for amplification. The product of this gene is probably also required

for cellular DNA replication.

In related work, postdoctoral fellow Gene Leys is attempting to

identify DNA sequences within the amplification control regions

that directly bind follicle cell proteins. So far, he has found two
binding sites that appear to be important for amplification. In

future work, he hopes to clone the genes that produce the binding

proteins. These genes most likely fall into the class of genes that
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Kelley studies, those disrupting amplification.

These studies—of Kelley, Leys, and others in the Spradling

lab—promise to yield deeper insight into the amplification process,

perhaps even allowing the eventual reconstruction of the process in

vitro. Ultimately, it might be possible to determine if the mechanisms
controlling this process are the same as those used in the more
universal events of chromosome replication.

A Gene Transfer System for C. elegans. In 1982, Spradling and

Gerald Rubin (now at the University of California at Berkeley)

developed the first successful method for transferring genes

permanently into the germlines of Drosophila embryos. This

method has since become a valued technique among Drosophila

biologists who, like Spradling, study gene function. But in other

eukaryotic organisms, gene transfer methods are just being

developed. Now, Andrew Fire, a staff associate at the Department

of Embryology, has developed such a technique in the nematode
Caenorhabditis elegans; this technique allows him to introduce

cloned DNA segments of choice stably and permanently into the C.

elegans germline.

With collaborators at Washington University, Fire is using his

technique to learn how a set of C. elegans genes that encode major
structural proteins in muscle (the myosin heavy-chain genes) is

controlled. How is it, they ask, that these genes are expressed only

in a specific subset of embryonic cells? Fire chose to study these

genes because so much is known about their genetics and biochem-

istry. All four of the myosin heavy-chain genes have been se-

quenced, and mutants for two of them have been isolated.

By transferring myosin genes into C. elegans, Fire is able to

study gene behavior in vivo. He can test for function genetically by
studying muscle development in the growing animal. He can also

study expression of the genes on the molecular level, by using

specially designed monoclonal antibodies. What he has found is that

two of the myosin genes can lodge themselves anywhere among
the genomic DNA and still be properly expressed. They thus

appear to require no special chromosomal position.

Using genetically engineered deletion mutants of these two
myosin genes, in which sequences flanking the gene have been

removed, Fire is now attempting to localize those regions that

control tissue specificity and expression levels. He has found that

these control sequences seem to be tightly linked to the gene's

structural parts, since engineered deletion constructs in which all

but several hundred nucleotides on each side are removed still

retain their function. Once he determines the controlling sequences,

he hopes to characterize the cellular control factors which interact

with them. In the longer term, he hopes to go back even farther, to

the very early stages of embryogenesis, in order to identify which

of the early cells are destined to express the myosin genes.
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Fig. 2. Diagram above, assembled by Department of Embryology staff member
Samuel Ward and colleagues, shows the pathway (downward) of cellular

differentiation leading to the mature spermatazoon of the roundworm Caenorhabditis

elegans. Mutations in the genes listed along this pathway (for example, spe-15,

fer-15) block the pathway at the steps where they are shown. Mutations in genes

on the right side of main pathway (for example, spe-4, fer-3) cause accumulation

of aberrant cells in which some events of differentiation proceed and others are

arrested or proceed abnormally.
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Sperm Development in C. elegans. Embryology staff member
Samuel Ward, like Fire, uses C. elegans in his work. Instead of the

myosin genes, Ward and colleagues study genes required for

development of the sperm, a single cell whose development, like

the Drosophila oocyte that Spradling studies, is relatively

independent of other cells. It is Ward's ultimate goal to dissect the

orderly series of events that must occur to produce a viable, fertile

spermatozoa. Over the years, he and members of his laboratory

have identified several genes that control this process. Mutations in

some of these genes disrupt the sperm's motility; mutations in

others alter the shape of the cell; still other mutations prevent the

formation of the sperm's propelling structure, the pseudopod.

To help them identify the defective products of the mutant genes

and define their molecular lesions, Ward and colleagues—recently

aided by Fire's new gene transfer technique—have cloned several

genes encoding sperm-specific proteins. This year, postdoctoral

fellow Steven L'Hernault cloned the spe-17 gene, while graduate

student Barbara Sosnowski cloned a gene that may play a role in

forming the "skeleton" of the pseudopod. By examining how the

mutations in these and other, previously identified, genes block

sperm development, Ward et al. have ordered the genes into a

pathway of cellular assembly, seen in Figure 2. Although some
individual events in this pathway are found to proceed independently,

it is clear that mutations in some of the genes arrest all steps of

differentiation; these may be essential to coordinate the entire

process.

Lipid Transport in Animal Cells

Once a cell is differentiated to function as part of a tissue, it

maintains its identity for life. At the same time, it must maintain

its "housekeeping" functions; it must keep its internal organelles in

working order, and it must ensure that its outer membrane remains

flexible enough to admit the nutrients and hormones it needs, but

strong enough to keep out harmful foreign material.

Major "workhorses" in maintaining the membranes surrounding

cells and cell organelles belong to a diverse family of molecules

called lipids. For many years, Embryology staff member Richard

Pagano has studied the metabolism and intracellular transport of

these molecules. His goal is to elucidate the molecular mechanisms

by which different species of lipids are assembled into the membranes
of the cell surface and intracellular organelles, and to understand

how the unique composition of each is maintained during normal

growth and development.

The cell surface, or plasma, membrane moves external molecules
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Fig. 3. Richard Pagano and his colleagues at the Department of

Embryology labeled plasma membranes of Chinese hamster

ovary cells with a fluorescent derivative of the lipid sphingomyelin

(SM) at 7°C (a). When these cells were then washed and warmed
to 37°C, the fluorescent SM traveled inside, where it accumulated

in the perinuclear regions (b). When these same cells were
incubated for 30 additional minutes at 37°C (c), the SM returned

to the cell membrane. This reappearance of fluorescence at the

plasma membrane is indicative of lipid "recycling."

needed by the cell—nutrients and hormones—into the cell by
encapsulating them into budded extensions; the buds, called vesicles,

then break off from the membrane and travel inside. Other vesicles,

formed from buds of membranes surrounding internal organelles,

bring internally synthesized membrane components back to the cell

surface.

During the report year, Pagano and predoctoral fellow Michael

Koval examined one aspect of this process—the recycling of lipids

among intracellular membranes. To study this phenomenon, they

first synthesized a fluorescent derivative of sphingomyelin, a major

lipid constituent of the plasma membrane. They then examined

the distribution of this fluorescent lipid in Chinese hamster ovary

cells by fluorescence microscopy. When the lipid was incubated

with cells at low temperature, the fluorescent lipid labeled only the

cell surface membrane (see Fig. 3). When the cells were warmed to

37°C, however, the lipid moved inside the cell.

The investigators found, surprisingly, that little or no internalized

sphingomyelin accumulated in the lysosomes, an organelle where
degradation of cellular lipids and proteins occurs. Rather, the lipid

accumulated in a region near the nucleus where the centriole is

located. The centriole organizes intracellular filaments called
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microtubules; Pagano and Koval thus wonder if microtubules might
play a role in the vesicular transport of lipids.

When Pagano and Koval maintained the cells containing the

sphingomyelin at 37°C for 30 minutes, they found that a substantial

fraction of the lipid (30%) returned to the plasma membrane. This

suggests that cell surface lipids can be reused during membrane
recycling, instead of having to be constantly replenished by newly
synthesized molecules. The results also suggest that the process is

a relatively rapid one.

Using new computer equipment, Pagano and colleagues have
recently begun to analyze computer images obtained by fluorescence

microscopy. The new equipment enables them to quantify more
accurately the images and thus perform detailed kinetic analyses of

the recycling process. In the coming year, Pagano's group also

intend to extend their study of sphingomyelin recycling to human
skin fibroblasts derived from patients with Niemann-Pick disease.

These diseased cells lack the metabolic machinery needed to

degrade sphingomyelin; the lipid therefore accumulates in large

quantities in cellular lysosomes.

Pulsed Electrophoresis: Visualizing DNA

Pagano's new imaging system has also been put to work by staff

associate David Schwartz. In collaboration with Pagano and Koval,

Schwartz is imaging fluorescently stained DNA solution in a gel

matrix. Gel electrophoresis is one of the most common tools of

molecular biology. It separates electrically charged DNA segments

according to their weights by running them through a jello-like

matrix. Small molecules move easily through the tiny holes in the

matrix, but large DNA molecules become distorted. Several years

ago, Schwartz developed a new separation principle—one that

takes advantage of the distortion, and thus enables researchers to

size-fractionate much larger DNA molecules than was possible

before. The technique is called pulsed electrophoresis. (See Year

Book 85, pp. 25-27.)

Schwartz recently constructed a physical model explaining how
DNA conformational changes proceed during pulsed electrophoresis.

The key points of the model are: (1) DNA molecules are large coils

in solution (much like a loose ball of yarn) which dramatically

distort upon entering the tight gel matrix, (2) the applied electrical

field can do enough work to squeeze the large coils into a series of

tighter-packed balls or coils, called blobs, (3) the blobs are aligned

into a series (a blob train) by the applied electrical field, and (4)

when the angle of the applied electrical field (relative to the alignment

of the blob train) is abruptly changed, the blob train reorientation

process is mediated by either the end blobs or the internal blobs.

By fluorescently staining large DNA molecules, Schwartz can
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actually see individual large DNA molecules (about 0.2 mm long)

moving through an agarose gel matrix during electrophoresis. This

not only confirms his model, but also constitutes the first direct

observation of DNA electrophoretic behavior.

Schwartz's technique allows him to begin studying some broad

structural aspects of DNA. For example, it is known that certain

relatively short DNA sequences can confer a bend to an otherwise

straight DNA helix. Schwartz wonders if there are similar effects

for large stretches of DNA. Do higher eukaryotes, he asks, have

special sequences whose only purpose is to help package inch-long

DNA molecules into manageable fragments called chromosomes?
Using pulsed electrophoresis, he is currently examining a specific

yeast chromosome that contains many hundreds of repeating genes,

all of them encoding ribosomal RNA. His initial results suggested

that the DNA had some structural or conformational abnormality.

But fluorescence microscopy revealed that the chromosome contains

a mass of condensed DNA. Schwartz is attempting to prove that

this condensed mass is, in fact, the repeated ribosomal genes.

The Structure and Function of Chromosomes: The Lampbrush
as Model

Ribosomal genes were the first eukaryotic genes to be isolated

and cloned. They have the further distinction of being the first

eukaryotic genes found to amplify, or increase in number, during

normal developmental processes. The co-discoverers of this

phenomenon, found in amphibians during the late 1960's, were
Donald Brown at Carnegie and Joseph Gall at Yale University.

Today Brown and Gall both work at the Department of Embryology;

while each focuses on different questions, neither has strayed far

from amphibian genes; Brown now studies the ribosomal 5S RNA
gene in Xenopus (see p. 15), while Gall studies the structure and

function of amphibian lampbrush chromosomes.

The lampbrush stage occurs during the development of the

amphibian oocyte, when all the chromosomes become very large

and exhibit loop-like configurations. The loops are sites of active

RNA synthesis. Because of their large size and turned-on state,

lampbrush chromosomes offer an ideal system for studying aspects

of normal chromosome structure and function.

During the report year, Gall and colleagues continued their

efforts to identify and characterize some of the major proteins

associated with the RNA on the lampbrush loops. To do this, they

make monoclonal antibodies against a large number of nuclear

proteins, and then select those that specifically bind to the lampbrush

loops. So far, they have identified antibodies that bind to the

majority of loops on the chromosomes, as well as others that bind

to only one pair or to a small number of loops. They are now at
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work isolating the genes coding for the antibody-identified proteins.

Ultimately, they hope to identify the major proteins involved in

the synthesis, processing, and packaging of the RNA transcripts,

and possibly those involved in transporting the mRNA to the egg's

cytoplasm as well.

Most of Gall's studies have been undertaken using newt lampbrush

chromosomes, which are extraordinarily large and accessible.

Because the toad Xenopus is more favored for developmental

studies, Gall was aware of how useful it would be also to study

Xenopus lampbrush chromosomes. But for a variety of technical

reasons, primarily because Xenopus lampbrush chromosomes are so

small, this had not been possible. Now, Gall reports that a visitor

in his lab, Mick Callan from the University of St. Andrews, Scotland,

has for the first time been able to make excellent Xenopus
lampbrush chromosome preparations. Callan has produced maps of

all 18 chromosomes in Xenopus oocytes, and, with members of

Gall's lab, has begun to localize specific genes by in situ nucleic acid

hybridization. (In this technique, a radioactively labeled RNA or

DNA probe, made in the test tube, is bound to complementary
nucleic acid molecules in a lampbrush chromosome, prepared on a

microscopic slide.) So far, the group has found the genes coding for

the 5S, 18S, and 28S ribosomal RNAs—the genes well studied by
Donald Brown.

In a third major project, Gall and colleagues are studying the

transcription in newt lampbrush chromosomes of a repeated DNA
sequence called satellite 2. Satellite 2, which consists of short

tandem repeats of a 330-nucleotide unit, is found at many places on

the chromosomes. Most such repeated satellites are not transcribed

in normal cells, but in oocytes and some other tissues of the newt,

satellite 2 makes RNA. The RNA transcripts are either the same
length as the DNA itself (330 base pairs) or they are integral

multiples of that length. Last year, Gall reported that, in the

presence of Mg + +
, a synthetic dimer RNA molecule transcribed

from satellite 2 cleaves spontaneously (without the help of an

enzyme) into the monomer form. During the report year, Gall's

group characterized this unusual self-cleavage reaction in detail.

They found that it is almost identical to the self-cleavage reaction of

certain plant viral RNAs. Indeed, they found that the newt satellite

transcripts resembled the viral RNAs remarkably well; they are

about the same size, they appear to fold in a similar pattern, and

the self-cleavage occurs at an identical short RNA sequence.

Characterizing the Genomes of Geminiviruses

One group of plant viruses, the geminiviruses, are the focus of

studies by Embryology staff associate Sondra Lazarowitz. These

viruses, which include the squash leaf curl virus (SqLCV) and
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maize streak virus (MSV), are pathogenic to important crop plants.

But because both SqLCV and MSV grow to very low titers and are

difficult to detect and purify, neither one has been amenable to

study using conventional techniques. The powerful tools of

recombinant DNA technology, however, have proved to be of

inestimable value. Using them, Lazarowitz has progressed toward

her long-term goal of understanding the molecular basis of such

important traits as host specificity—why, for example, a virus can

infect one plant species but not another. In addition, she is exploring

the potential of these viruses as vectors for introducing foreign

genes into plants.

Especially critical in studying the genetic basis of viral host

range has been Lazarowitz's identification of two, evolutionarily

related SqLCV viruses: SqLCV-NR, which has a narrow host

range, and SqLCV-BR, which has a much broader range. Previously,

Lazarowitz determined that SqLCV-BR is able to infect tobacco

plants, while SqLCV-NR cannot. Both SqLCV-NR and SqLCV-
BR, however, can infect bean plants, causing severe, transmittable

symptoms. The total inability of SqLCV-NR to replicate in tobacco

in the presence of SqLCV-BR suggested a cis-acting defect involving

a gene responsible for viral replication or transcription.

A major focus in Lazarowitz's lab this year has been the

development of biological assay systems using cloned geminivirus

genomic components. Some time ago, she succeeded in mechanically

inoculating tobacco cells using genetically engineered clones of

SqLCV-BR, demonstrating that these clones are complete and

infectious. The efficiency of infection, however, was only 10%. By
inserting the cloned viral DNA into a bacterial plasmid and then

introducing the plasmid into the cells using a natural vector—the

plant-infecting bacteria Agrobacterium tumefaciens—the efficiency

of expression can be increased to as much as 80-100%. The success

of this gene transfer technique now allows Lazarowitz to undertake

a mutational analysis of the viral genetic determinants that are

important in both SqLCV genomes for systemic spread, symptom
formation, and host-range phenotype. Toward this end, she has

introduced a series of mutations into the cloned viral genomic

components, and is currently analyzing them to determine how
they affect the infection process.

Lazarowitz has had similar success in working with MSV, a

monocotyledenous geminivirus that contains a single 2700-base-pair

DNA component (see Year Book 81+, p. 29). Monocot geminiviruses

have proven to be impossible to transmit mechanically, either as

virus particles or as viral DNA. However, by using a gene transfer

technique similar to the one used for SqLCV, Lazarowitz has been

able to successfully infect maize plants with cloned genome of MSV.
Now that she has an assay system for the proper expression of

MSV in infected cells, she can begin to define the functional domains
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of the MSV genome. She does this by deletion and gene substitution

analyses using a selectable antibiotic resistance marker gene. The
substitution of the chloramphenical acetyl transferase gene for a

potential viral gene provides an easily scored and sensitive marker
for replication and spread of the mutant viral DNA. It is hoped
that such gene replacement studies may lead ultimately to the

development of an assay system for the introduction and expression

of exogenous genes in maize and possibly other monocots.

The Molecular Biology of Transposable Elements

Like Lazarowitz, Nina Fedoroff, a staff member at the Department
of Embryology, uses Agrobacterium tumefaciens as a natural gene
transfer vector. Instead of using this bacterium to move viral DNA
into maize cells, however, she and her colleagues use it to carry the

maize transposable element Ac into tobacco and other plant cells.

The goal of these experiments is to develop a method whereby Ac
can be used to make mutations marked by insertion sequences.

Last year, Fedoroff reported that when an Ac element was
spliced into the A. tumefaciens Ti plasmid and then introduced into

tobacco cells, the element transposed with surprisingly high

frequency. She recently constructed special Ac vectors for the

purpose of measuring this phenomenon. These vectors are similar

in principle to those used by Lazarowitz in her study of MSV viral

promoters, in that they consist of a gene promoter (in this case,

of a plant gene) and a drug-resistance marker gene. An Ac element

is placed between the plant promoter and the marker gene; when
it is excised from the genome, the marker gene is expressed, that

is, it confers drug resistance. Using these constructs, Fedoroff et

al. found that from 25% to 75% of transformed cells evidence Ac
excision. Furthermore, the observations suggest that sequences far

from the element's end (where normal transposing functions lie) are

important in determining excision frequency.

Fedoroff and colleagues are also examining the usefulness of

another plasmid, the Ri plasmid of Agrobacterium rhizogenes, as a

transformation marker. In initial experiments, they inserted both

types of plasmids, a Ti plasmid bearing an Ac element and an Ri

plasmid, into Dauscus carota (carrot) and Arabdopsis thaliana

cells. A majority (70-100%) of the transformants, they found,

contained the integrated DNAs of both plasmids. Moreover, in both

species, the Ac element appeared to be mobile. Work is continuing

to develop further the A. rhizogenes system.

Meanwhile, Fedoroff and members of her lab completed the

structural and sequence analysis of an Spm element (and its mutant

derivatives) cloned from the maize a locus. They are currently

examining whether Spm, like Ac, can promote its own transposition

in tobacco. Initial evidence suggests that it can, thus paving the
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way for future functional studies.

Concurrently, the Fedoroff lab is investigating how the expression

of the transposable element Spm is regulated in maize plants. They
have identified maize strains having two types of inactive forms of

Spm, one stably inactive, and one unstably inactive. The unstable

element can be activated by another Spm element; this suggests

that Spm encodes a positive regulatory gene product. Fedoroff and

colleagues are currently examining the structural modifications that

maintain the element in an inactive form.

They are also attempting to reactivate the stably inactive form,

in order to understand the requirements for such an event. So far,

they have found evidence that inactivation seems to be associated

with methylation (the addition of methyl groups to cytosine

nucleotides of DNA). Those elements that are unstably inactive are

partially methylated, while those that are stably inactive are

extensively methylated. As well, methylation appears to be associated

with a decrease in the element's ability to respond to activating

signals from other Spm elements located elsewhere in the same
genome.

Light and the Regulation of Plant Genes

Fedoroffs rapid advance in understanding the action of maize

transposable elements on the molecular level is partly due to the

large supply of known mutations that exists for the maize plant.

This information was accumulated during the early part of this

century, when maize enjoyed a favored status among geneticists. It

was one of these early maize geneticists, in fact—Carnegie
cytogeneticist Barbara McClintock—who discovered the transposable

elements that Fedoroff now studies.

Maize is unusual in offering such a large library of mutations and
gene characterizations; the genomes of most plants are not nearly

as well understood. Thus, most molecular biologists interested in

gene function have traditionally turned to the better known genomes
of animals like Drosophila, C. elegans, and Xenopus.

During the past decade, however, plant genes have emerged as

valid candidates for molecular studies. At the Department of Plant

Biology, for example, staff member Arthur Grossman has made
considerable progress in cloning and sequencing the genes that

make up a unique light-harvesting system—the phycobilisome

complex—in the primitive cyanobacteria Fremyella diplosiphon.

Meanwhile, members of Winslow Briggs's laboratory study how
light-induced genes in the common pea, Pisum sativum, promote
greening.

Phytochrome and Greening. Greening is the process whereby the

chloroplasts, the sites of a plant cell's photosynthetic machinery,
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are activated. The red-light-sensitive pigment phytochrome plays a

critical role in this process. But how it effects its control remains

poorly understood. Where, for example, in the sequence of greening

events—from light absorption to gene expression—does phytochrome

operate? It is known that chlorophyll, the major constituent of the

chloroplast, is not stable in the plant unless bound to appropriate

proteins; it is also known that these proteins are not stable in the

absence of bound chlorophyll. Thus, the levels of the two components

are tightly coupled.

In an attempt to explore a likely scenario for phytochrome
regulation—that phytochrome controls the abundance of the

messenger RNAs coding for the major chlorophyll-binding proteins

—

Briggs and postdoctoral fellow Benjamin Horwitz made a careful

comparative analysis of the effect of light on the abundance of

mRNAs and the start of chlorophyll accumulation in pea cells. Both
mRNA abundance and chlorophyll accumulation, they found,

dramatically increased upon red light treatment; both showed the

same time course—a steady but gradual climb over the 24 hours

following light treatment (see Fig. 4). As well, both increases could

be prevented by irradiation with similar quantities of far red light.

(Far red light cancels the effect of red light in phytochrome-

mediated reactions.) In both responses, this far red irreversibility

effect was reduced with increasing dark time between treatments.

All of this evidence supports the hypothesis that the phytochrome
could regulate the abundance of chlorophyll by limiting the messenger

RNAs that code for the chlorophyll-binding proteins.

Horwitz and Briggs then investigated the relative amounts of

light needed to effect the two responses. They found, to their

surprise, that light doses needed to saturate mRNA abundance of

the chlorophyll binding proteins were only one-tenth as large as

those required to saturate chlorophyll accumulation. The inescapable

conclusion, notes Briggs, is that there is no direct causal link

between abundance of mRNA for the binding proteins and the

actual accumulation of chlorophyll in the greening leaves. There

appears instead to be a high degree of coordinate, parallel regulation;

phytochrome must be acting somewhere on the chlorophyll synthesis

pathway as well as on mRNA abundance for the binding proteins.

Postdoctoral fellow Anurag Sagar has taken a somewhat different

approach to the question of how light regulates gene expression.

Instead of exploring such regulation at the level of transcription,

she has been looking for light regulation at the level of mRNA
processing, i.e., when after transcription the RNAs are trimmed to

functional sizes and then transported out of the nucleus into the

cytoplasm. To do this, she subjected pea cells to various light

treatments; this produced different increments in the abundance of

several mRNA species. She then fractionated the cells to look at

the nuclear and cytoplasmic components.
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Fig. 4. Benjamin Horwitz, Winslow Briggs, and colleagues at

the Department of Plant Biology have found that the relative

amounts of red light (fluence) needed in the pea plant to induce

chlorophyll accumulation during greening (triangles in graph

above) is similar to that required to effect an increase in

the abundance of messenger RNA for the chlorophyll-binding

proteins (LHCP, represented by squares). However, as seen, the

curve for mRNA accumulation lies at least an order of magnitude

below that for chlorophyll accumulation, suggesting that there is

no direct causal link between the two reactions.
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Her results clearly showed that there was no light regulation at

the level of partitioning of mRNA between the nucleus (where it is

not yet processed) and the cytoplasm (where it has been processed).

Plots of nuclear vs. cytoplasmic fractions for the various light

treatments yielded straight lines every time. A curious and

unexpected finding, however, was that the slopes of the lines were
different for different genes. For one gene, for example, a doubling

of the nuclear fraction was accompanied by a tenfold increase in the

cytoplasmic fraction; for another, the increase was merely twofold.

The basis for these gene-specific differences in partitioning between
nuclear and cytoplasmic mRNA is unknown, but they must somehow
reside, Briggs and Sagar suggest, in the structure of the mRNAs
themselves.

Phycobilisome Genes in Cyanobacteria. Like Briggs and his

colleagues, members of Arthur Grossman's laboratory study the

molecular response of pigments to light. The phycobilisome pigments
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(phycobiliproteins) they examine, however, are quite different from
phytochrome. The levels of these pigments, which are found in the

prokaryotic cyanobacteria and the eukaryotic red algae, may be

modulated in response to the quality of light received. In red light,

certain cyanobacteria begin to synthesize specific phycobiliproteins

for harvesting red light; in green light, the red-light-activated

genes are turned off, while those that code for pigmented proteins

that harvest green light are turned on.

Not all biliprotein genes respond so drastically to different colors

of light; some remain turned on all the time. One of the two
phycocyanin (PC) gene sets in the cyanobacterium Fremyella

diplosiphon is such a constitutive gene. The other PC gene set in

Fremyella, in contrast, is induced by red light. This red-light-

inducible PC gene set, like other biliprotein genes, consists of two
subunit genes—a and p. The subunit genes are transcribed

together in an interesting fashion on two different mRNA transcripts.

One transcript, 1600 base-pairs long, encodes only the two PC
subunits; the other transcript, 3800 bases long, encodes these

subunits plus three related linker polypeptides, whose genes lie

immediately adjacent to the PC gene set. (Linkers are proteins

that hold together the pigment proteins of the phycobilisome

complex.) The transcripts are produced in a ratio of about seven

short transcripts to every long transcript.

Grossman's group has closely examined the inducible PC linker

gene cluster and the proteins it encodes. The linker proteins,

like the pigmented proteins, exhibit strong homology to one another.

Amino acid sequences encoded by the linkers LR
39 and LR

37 - 5
, for

example, diverge only at the amino termini and at one spot near

the middle of the protein, where LR
37 - 5 has an insertion of sixteen

amino acids absent from LR
39

. The amino acid sequence of the third

linker is homologous to the carboxyl-terminal portion of the other

two linkers.

By comparing these linker proteins to the protein produced by
the inducible PC gene set, Grossman et al. have determined

that there is no homology between the linker proteins and the PC
protein, at least in Fremyella. This weakens a recent suggestion,

made by researchers elsewhere, that genes encoding the linker

polypeptides evolved from the biliprotein genes. Rather, it appears

that the linker sequences represent a distinct gene family.

Postdoctoral fellow Pamela Conley is presently examining several

additional questions regarding the inducible "PC-linker" gene

cluster. One of the most puzzling is why the gene cluster is

transcribed as two species, one with and one without the linker

polypeptides. What controls the 7:1 transcript ratio? Grossman and

Conley suggest two possible explanations. It may be that transcription

is terminated at the end of the 1600-base transcript only 85% of the

time; the rest of the time, the RNA polymerase continues reading
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until it reaches the end of the 3800-base sequence. (There is some
evidence that a lollipop-shaped stem-loop structure, which in E.

coli signals the RNA polymerase to stop transcribing, exists at the

end of the 1600-base sequence, but it is not clear that such

secondary structures serve a similar function in Fremyella.)

Alternatively, the RNA polymerase may not recognize the stem-

loop structure at the 3' end of the 1600-base sequence, but instead

read right through it. The resulting 3800-base transcript may
subsequently be degraded to yield the smaller species.

To determine where the control is coming from—at the level of

transcription or the level of RNA processing—Conley is analyzing

the half-lives of the two RNA species; this will allow her to tell the

difference between rate of synthesis and rate of degradation. She is

also using pulse-labeling techniques in combination with transcription

inhibitors. If she observes the generation of the smaller transcript

after transcription is blocked, then she will know that degradation

is occurring. If this is so, it would imply that the large transcript

exhibits what is called segmental stability; in other words, one

region of the transcript is somehow more stable than another

region. The stability may possibly be related to the secondary

structure of the transcript. Investigators elsewhere have recently

ISOLATED GENES ENCODING PHYCOBI L I SOME POLYPEPTIDES AND THEIR CHARACTERISTICS FROM F. DIPLOSIPHON

PROTEIN GENE NAME ORGANISM SEQUENCE STATUS TRANSCRIPTIONAL PROPERTIES

PCb, A pcyB. pcyA C. paradoxa partial sequence dicistronic mRNA, const.

APa, b papA. papB C. paradoxa partial sequence dicistronic mRNA, const.

PCb, a

ind.

pcySl . pcyAl F. diplosiphon complete sequence polycistronic mRNA, ind.,
same operon as linker genes

PCb, a

const.
pcyB2. pcyA2 F. diplosiphon complete sequence dicistronic mRNA, const.

PCb, a "pcyB3. pcyA3" F. diplosiphon partial sequence uncharacterized

PEb, a peyB , peyA F. diplosiphon complete sequence dicistronic mRNA, ind.

APa, b papA. papB F. diplosiphon complete sequence polycistronic mRNA, const,
same operon as core linker gene

9Kd core
I inker

F. diplosiphon complete sequence polycistronic mRNA, const,
same operon as AP

Rod
I inkers
associated
with ind. PC

1pcA, 1pcB,
1pcC

F. diplosiphon complete sequences Three linkers encoded on
polycistronic mRNA with
ind. PC

i nd . =

const. =
inducible (red light-
const i tute

i nduc ible for PC, green I ight- inducible for PE)

Table above shows phycobilisome genes

isolated and characterized by Arthur Grossman
and colleagues at the Department of Plant

Biology.
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found evidence of segmental stability for the transcripts encoding

the light-harvesting proteins of the photosynthetic bacterium

Rhodobacter capsulatus.

The inducible PC gene set is activated only in red light. A major
question in the Grossman lab is related to the question of regulation;

what sequences in the PC promoter region are responsible? To find

out, research associate Peggy Lemaux and technician Sabrina

Robbins are using the conjugation system, developed by John
Cobley (University of San Francisco) for Fremyella, to shuttle

genes between E. coli and Fremyella. Now that this technique for

gene transfer has been developed, it will be possible to splice the

regulated PC promoter (both unaltered and mutated) onto a marker
gene (much as Lazarowitz and Fedoroff do) and measure expression

from this promoter by assaying for the activity of the marker gene
product.

Similar experiments are under way to examine promoter function

for the green-light-induced phycoerythrin (PE) gene set in Fremyella.

The PE gene set operates differently from the PC gene set. The
genes that encode the linkers associated with PE do not appear to

be contiguous to PE subunit genes; their messages instead may be

transcribed from their own promoters. Several clones that may
encode the linkers have been isolated.

In still other work, postdoctoral fellow Lamont Anderson is

attempting to isolate PC and PE gene sets from the unicellular

organism Synechocystis 6701. He hopes to determine how the

regulation of these genes differ from those in Fremyella, and also

to learn the role of phycobiliprotein domains in light harvesting and
assembly processes.

These detailed studies, on the structure and transcription of

phycobilisome genes, complement other studies recently initiated in

the Grossman lab, many of them in collaboration with members of

the Briggs lab, on the photophysiology of light-regulated pigment
changes in Fremyella. Presumably, there are many steps in the

chain between initial photoreception and the final biochemical

change. By studying phycobiliprotein and mRNA changes after

transferring cultures from red to green light and from green to red

light, the investigators—postdoctoral fellows Brigitte Bruns, Nancy
Federspiel, and Ralf Oelmuller—hope to elucidate these steps, and
determine how they work in concert to produce the striking

modulating responses of the phycobilisome complex.

Photosynthetic Pigment Organization. On a related front,

Grossman has collaborated with staff member Jeanette Brown and

postdoctoral fellow Annamaria Manodori in comparing the structures

of light-harvesting, pigment-binding proteins in a wide range of

algae. They find that most of these proteins evidence relatively

broad homology. The investigators found, for example, that antibodies
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made against antenna (light-absorbing) complexes from the diatom

Phaeodactylum cross-reacted with the antenna complexes of

many other plants, including Chlamydomonas, Euglena, brown
algae, yellow-green algae, spinach, and maize. The only exception

among those so far tested is the primitive green flagellate Manton-
iella.

Furthermore, Manodori and Brown found that several bands of

genomic DNA from Phaeodactylum hybridized with the chlorophyll

alb binding gene from pea. By cloning one of these genomic
fragments, they hope to determine the amino acid sequence of at

least part of Phaeodactylum's antenna complex. Ultimately, they

hope to understand the structural role these proteins play in

pigment organization.

Photochemical Changes in Pigments

All photosynthesizing algae and green plants contain the light-

absorbing pigment chlorophyll a. Most plants contain additional

pigments, such as chlorophyll b, c, and d, and the carotenoids, in

varying combinations. Jeanette Brown's major effort over the years

has been to learn how chlorophyll a complexes with these accessory

pigments to form the antenna centers in a variety of algae.

It has long been known that fucoxanthin, an xanthophyll accessory

pigment present in diatoms and brown seaweeds, is found in the

antenna complex. This year, using fluorescence excitation spectra,

Brown and her colleagues found that the xanthophyll lutein in

higher plants, as well as other kinds of xanthophylls in some algae,

can also act as antenna pigments. In fact, in every kind of alga she

has studied so far, Brown has found that all the xanthophylls, as

well as the accessory pigments chlorophyll b and c, are restricted to

the antenna complexes.

Brown this year also studied certain enzymatic cycles in algae

cells. All eukaryotic plants, except those containing phycobilin

pigments, have a characteristic enzymatic light-induced xanthophyll

cycle. In collaboration with Clarice Yentsch (Bigelow Laboratory

for Ocean Science, Bar Harbor, Maine), Brown and colleagues have

shown that one such cycle, the diadinoxanthin-diatoxanthin cycle in

Chi c-containing algae, closely parallels the fluorescence curve

(decrease and recovery) that results when these algae are placed in

strong light and then moved to dim light or darkness. Brown notes

that similar observations—for the violaxanthin-zeaxanthin cycle in

leaves of higher plants exposed to strong light—were made by
postdoctoral fellow Barbara Demmig from Olle Bjorkman's laboratory

at the Department last year. Brown expects that further experiments

with the algae will help scientists understand some of the mechanisms

by which plants protect themselves against sudden exposure to

strong light.
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Environmental Extremes and Photosynthetic Responses

When too much light is available to a plant and it cannot dissipate

the excess, then damage occurs to the reaction center of photosystem

II. (It is to the reaction centers that the absorbing antenna pigments

shuttle their light-generated energy.) If the damage is not quickly

repaired, then photosynthesis is inhibited. This phenomenon is

called photoinhibition.

The study of photosynthetic regulation is a subject of intense

interest at the Department of Plant Biology. This year, both

Joseph Berry and Olle Bjorkman studied aspects of this control,

but in very different ways. Berry's approach is theoretical; he has

been studying the overall regulation of photosynthesis by combining
experimental laboratory measurements with modeling techniques.

Bjorkman, meanwhile, makes extensive use of experimental

measurements on plants growing in the field.

Cotton and High Light. Many years ago, Bjorkman and his

colleagues showed that photoinhibition can occur when plants

grown in dim light are suddenly exposed to bright light. Photoinhi-

bition is also likely to occur in plants native to sunny locations

when light is high and additional stresses are present, for instance

when water is scarce, salinity high, or temperatures low.

Bjorkman is particularly interested in learning how plant leaves

manage to maintain a high efficiency of light-energy conversion

when light is low, yet avoid photoinhibition when the light exceeds

the capacity with which it can be used. In previous studies with

Barbara Demmig, he found that the leaves of a variety of wild

plants have a special mechanism enabling them to regulate the level

of excitation energy reaching the reaction centers.

This year, working with postdoctoral fellow Christian Schafer,

Bjorkman extended these studies to cultured, field-growing cotton

plants. His objectives were threefold: (1) to determine how well the

photosynthetic system of this important crop plant is able to cope

with the extremely high light levels that exist in California's San

Joaquin Valley, (2) to determine to what extent high temperatures

and drought exacerbate the stress of high irradiance, and (3) to

identify mechanisms that protect the photosystem from damage.

Early results from the field studies indicate that in the absence of

water stress, cotton leaves are well adapted to their high-light

environment. The investigators detected no high-light-induced

damage to the photosynthetic system during early stages of leaf

canopy development. Laboratory results confirmed these findings:

little or no damage occured when well-watered cotton plants

were exposed to the kinds of light and temperature conditions they

would normally encounter in a field situation. It appears that this
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high tolerance is in large part attributable to a very effective

dissipation of excessive excitation energy in the antenna of light-

harvesting chlorophyll molecules. Consequently, the energy reaching

the photosynthetic reaction centers does not build up to excessive

and harmful levels. The proportion of dissipated light is closely

controlled by the leaf. At low levels of incident light, Bjorkman and
Schafer find, the fraction that is dissipated approaches zero. In full

sunlight, up to 50% of the light energy absorbed by the leaf may
never reach the reaction centers.

These studies were carried out early in the cotton-growing

season. What remains to be determined is the situation later in the

season, when leaf temperatures are higher and water availability

low. Will the mechanism of light dissipation still afford full protection,

Bjorkman asks? Additional studies will examine the operation of

the energy-dissipation mechanism in greater physiological and

molecular detail, not only in cotton but in other plants considered

to be less capable of coping with excessive light. The role of the

xanthophyll cycle in chloroplast membranes is one likely target of

further investigation.

Measuring the Rate of Photosynthesis: Mathematical Modeling.

Light availability critically regulates the rate at which photosynthesis

proceeds. But an equally critical factor is the rate at which the

products of the initial light-gathering reactions in the antenna

complex can be used in the later, dark-associated reactions that

occur in the fixation of carbon dioxide. Both reactions—the light

and the dark—are irreversible, and regulatory processes must keep

them in "lock step" during steady-state photosynthesis.

The thrust of Joseph Berry's work for the past two years has

been to understand how these regulatory reactions work to control

the rate of photosynthesis under any given environmental condition.

His recent efforts have been directed toward combining detailed

knowledge of the individual biochemical mechanisms that effect the

control responses with an overview of the entire metabolic system.

(Metabolism is a general term embracing the many enzyme-mediated

reactions of a living cell.) It has not been clear, for example,

exactly how the regulatory mechanism that controls the initial

steps of the dark reaction—carbon dioxide (C02) fixation by the

enzyme ribulose bisphosphate carboxylase (rubisco)—fits into the

overall metabolic picture.

Collaborating with postdoctoral fellow Ian Woodrow, Berry this

year developed a mathematical procedure for determining the

degree to which the rubisco reaction and other individual-enzyme

biochemical activities determine the steady-state rate of photosyn-

thesis. The key parameter in this analysis is the control coefficient

—

a measure of the degree to which an enzyme determines the

steady-state rate of photosynthesis. Mathematically, the control
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coefficient is a dimensionless quantity which relates the variation in

rate to an infinitesimal change in the activity of the enzyme. The
basic strategy used to obtain the coefficient involves the following

relationship, where each element has the form of a normalized

differential:

Responses of the rate of influence of effector (C02/ control coefficient, i.e.,

photosynthesis to a = 2)on catalytic proper- x effect of target enzyme
change in the level of an ties of target enzyme on the rate of photosyn-

effector (C02/02) thesis

In using this formula to determine the coefficient for rubisco, the

investigators altered rubisco's activity by changing the intercellular

levels of C02 and 2 (effectors). From empirical measurements and
kinetic expressions, they were then able to equate these changes in

effectors to a change in rubisco and the rate of photosynthesis,

eventually arriving at a control coefficient.

Figure 5 shows the relative contributions (i.e., the control

coefficients) of a variety of biochemical reactions in regulating

photosynthesis in an intact leaf system. The sum of all control

coefficients for a system should be 1.0. At low light, the control lies

mostly in biochemical reactions other than that of rubisco, presumably

in those more dependent on light. As the intensity of light increases,

however, the importance of rubisco, as well as the stomata, increases.

(The stomata regulate the diffusion of gases and water through the

epidermis, or skin, of the leaf.) In the system represented here,

nearly 70% of the control of photosynthesis is resident in rubisco at

saturating light. The balance between rubisco and the stomata as

controlling elements, however, is sensitive to humidity; in low

humidity, as much as 60% of the control can reside in the stomatal

component.

In addition to investigating the dark reactions of photosynthesis,

Berry, with postdoctoral fellow Engelbert Weis, is also studying

the light reactions of photosynthesis, particularly those of photosys-

tem II. Berry and Weis are not, however, studying these reactions

as individual events, as they are usually studied, but as an overall

process. The work provides new insight into the mechanisms that

govern the initial processing of absorbed light energy.

Light energy absorbed by photosystem IFs antenna pigments

travels down one of three paths: it may either be used (to do

photochemical work), be transferred (to photosystem I), or be

dissipated (as heat or fluorescence). Changes in environmental

factors such as light intensity, C02 concentration, or temperature

affect the balance between these processes. In the past, fluorescence

has provided a useful, though generally qualitative, indicator of the

relative reactions of photosystem II. Berry and colleagues, however,

are intrigued by the possibility that fluorescence measurements
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Fig. 5. Diagram above illustrates the relative contributions of several rate-

limiting enzymatic steps in photosynthesis (control coefficients) in a soybean leaf,

plotted against changes in the intensity of light (photo flux density, PFD).

These data, which are discussed on p. 40 of text, were obtained by Joseph Berry

and colleagues at the Department of Plant Biology.

may also be used as a quantitative indicator of the overall rate of

steady-state photosynthesis.

To this end, they have performed careful quantitative tests on

intact leaves enclosed in a cuvette fitted for measurement of both

net C02 exchange and chlorophyll fluorescence. One result of these

experiments is summarized in Figure 6. This graph shows that

the electron transport rate estimated from fluorescent measurements
is very well correlated with the rate of electron transport required

to support the measured flux of C02 uptake. The correlation holds

when C02 is constant and light varies, and when light is constant

and C02 varies; this means that it is possible to use fluorescence to

measure directly the influence on photosynthesis of variations in

both.

This analysis is apparently the first to use fluorescence to resolve

the properties of absorbed light energy that is dissipated as heat.

Since most of the remainder of the energy is used to conduct
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Fig. 6. This diagram, obtained by Joseph Berry and colleagues, compares

measurements of electron transport rate for intact leaves of Phaseolus vulgaris

and Helianthus annus conducted concurrently by C02 exchange and by analysis

of fluorescence quenching. The triangles, circles, and squares represent separate

response curves, including a C02 response curve, a light response curve done in

normal oxygen, and light response curves at different temperatures. See p. 41 of

text for discussion.

photochemistry, fluorescence provides a quantitative basis for

predicting the steady-state rate of photosynthesis. The success of

this work suggests to Berry that such empirical analyses may
provide new insight into processes that control photosystem II

chemistry in vivo.

Cost and Benefit Components of Adaptation

It is possible to ask how plants respond to varying levels of light

not only from the viewpoint of a single leaf or single plant, but also

from that of an entire group of plants—for instance, from members
of a single genus that have diverged over time to fill diverse light
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habitats. A good example of such a group is the genus Piper, a

tropical group of over 500 species, including the black (commercial)

pepper plant. As many as fifty Piper species live in a given rainforest;

while some species can tolerate the entire range of rainforest

habitats, from full sun to heavy shade, others are restricted to a

fraction of the available habitats. For Plant Biology staff member
Christopher Field, this local diversity provides an excellent model
system for studying plant adaptation.

Adaptation to habitats of contrasting light availability is one of

the classic themes in plant ecophysiology. Research in this area

began to decline several years ago, however, as many of the

paradigms were established and tested. But the last few years have
brought new instruments and new perspectives, and whole new
levels of investigation have opened.

Before the last decade, ecophysiological studies focused almost

entirely on photosynthetic characteristics of single leaves. It has

become clear, though, that photosynthesis is but one component of

ecological success. Other factors are those that determine the long-

term carbon gain of a leaf; these include leaf duration, leaf orientation,

and spatial interference among leaves. Also critical are factors that

determine the costs of producing leaves, stems, and roots. In

other words, a plant can be successful only when carbon income

through photosynthesis is sufficient to meet the costs of maintaining

existing biomass while at the same time providing something

additional for growth or reproduction.

Field believes that an economics-style cost/benefit analysis

applied to plant biology will provide the foundation for a new series

of advances in understanding ecological success. Field's own
immediate goal—quantifying several components of cost and benefit

in the Piper plants—is to establish the feasibility of a broadly

based cost/benefit analysis. Specifically, Field and co-workers are

attempting to quantify effects of habitat and interspecific differences

on carbon balance, which is the difference between carbon income

(through photosynthesis) and carbon expenditures (for biomass

construction, maintainence, and nutrient uptake). Studying multiple

species in multiple habitats allows a comparative approach.

Field began his study of Piper last year by examining differences

in photosynthesis among species inhabiting differing habitats. With
research associate Robin Chazdon, he used computerized analyses

of canopy photographs to assess the light environment of naturally

growing plants. Whereas they expected to find that species inhabiting

the broadest range of environments would have the most flexible

photosynthetic responses, they found instead a striking interspecific

generality in photosynthesis. This indicated strong convergence in

the sensitivity of photosynthesis to resource availability. As a

result, Field and Chazdon shifted from a narrow focus on photosyn-

thesis to a broader focus on costs and benefits in the carbon

balance.
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To obtain an integrated assessment of carbon balance, Field

developed a simulation approach that combines his computerized

analysis of canopy photographs with a biochemical photosynthesis

model developed by Joseph Berry and others. Using this approach,

he is able to assess the carbon income of real plants in real habitats,

and evaluate the consequences of hypothetical changes, like moving
plants between sites or changing canopy structure. Simulations of

sun species in shady sites and shade species in sunny sites indicate

that differences both in leaf biochemistry and in canopy architecture

play important roles in shaping carbon income.

Two of the major cost terms in the carbon balance are biomass

construction and the maintenance of existing tissues. Both processes

require high-energy compounds, produced through the consumption

of photosynthetic products (working capital, in the economic

analogy) in mitochondrial respiration. Field's evidence to date

suggests that differences in the control of respiration may be

important in matching different Piper species to their habitats. In a

comparison of one species restricted to open sites with another that

occurs in a broad range of sites, he and visiting investigator Josep

Penuelas found that respiration is much more sensitive to habitat in

the broad-ranging species, even though both species evidence

strong similarities in most photosynthetic characteristics. Altering

respiration in response to carbon availability provides a way to

balance costs and benefits. With Berry, Field is planning experiments

to test whether some or all of this interspecific variation reflects

variable use of the low-efficiency cyanide-insensitive respiratory

pathway as opposed to the high-efficiency cytochrome-oxidase

(normal) pathway.

In another study on Piper, research associate Kimberlyn Williams

has been analyzing the energetic costs of leaf production. Many
investigators have suggested that leaf cost should increase with leaf

longevity, largely because long-lived leaves typically contain large

amounts of energetically expensive defensive compounds. Williams,

however, sees a different pattern in Piper. Leaf cost is highest in

species with the shortest leaf durations. Leaves are energetically

most expensive on species from open habitats and cheapest on

species from the shaded understory. Thus, it appears that the costs

of constructing the high photosynthetic capacities typical of short-

lived sun leaves are greater than constructing the costs of the

defensive compounds in long-lived shade leaves.

Postdoctoral fellow William Terzaghi, also working with Field on

Piper plants, is examining how plants determine temperature

tolerance. In comparing two Piper species, one native to shaded

habitats and the other to exposed habitats, Terzaghi found that the

C02 affinity of rubisco differs significantly among the plants; the

difference was consistent with the hypothesis that the sun species

are adapted to operate at higher leaf temperatures. However,
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Terzaghi found that the temperature threshold for thermal damage
to membranes is similar for sun and shade species both at high

temperatures and at low temperatures. To Field and Terzaghi, this

means that the temperatures of the two species differ in the

temperature for optimum performance but not in the temperature

range for survival.

Broadening his observations beyond Piper, Terzaghi has found

that the membrane lipids of a number of tropical plant species

undergo phase transitions (essentially, beginning to freeze) at

chilling temperatures (several degrees above 0°C), while those of

temperate plants do not. This suggests that "chilling-sensitivity" is

a primitive characteristic that plants have had to overcome in

adapting to colder environments.

Terzhagi has begun to examine what happens when he manipulates

membranes in soybean cells grown at constant temperature. By
incorporating novel fatty acids into the membranes of soybean cells,

he is able to alter both the temperature tolerance range and the

high and low temperatures at which membrane failure first appears.

In future studies, he intends to examine the temperature tolerance

of photosynthesis in such modified plants.

Nutrient Stress in Photosynthetic Organisms

Membranes in plants play critical roles not only in adjusting

photosynthetic machinery, but also in allowing nutrients and

hormones to pass into the cell. Like animals, plants require sulfur,

phosphorus, nitrogen, and other elements to survive. How
photosynthetic organisms respond to nutrient limitation forms a

second core of studies in Arthur Grossman's lab.

Several years ago, Grossman and his colleagues noted that when
various algae are put into sulfate-limiting environments, they begin

to synthesize membrane machinery to facilitate sulfate uptake.

Graduate student Laura Green has found that the cyanobacterium

Anacystis nidulans, for example, is able to increase its sulfate

uptake ten- to twenty-fold in such stressful situations. This year

she reports that A. nidulans accomplishes this possibly by increasing

the level of specific proteins associated with the cytoplasmic

membrane. She does find, however, that the organism synthesizes

several new non-membrane proteins as well. These proteins,

detected only in cells starved for sulfate, may represent 2-5% of

the soluble protein in the cell.

Green has since purified the most prominent of these proteins,

made antibodies against it, and isolated the gene that encodes it.

With visiting investigator Devaki Bhaya, Green is now sequencing

the gene in the hope of determining what role it plays during sulfur

limitation. Eventually, she hopes to use gene transfer technology

to examine both the role of the soluble proteins that accumulate
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during sulfur stress and the way in which this accumulation is

controlled.

In related studies, graduate student Eugenio de Hostos is

examining how Chlamydomonas reinhardtii, a soil-dwelling

eukaryotic alga, responds to sulfur stress. He finds that this

organism, when stressed, shows increased sulfur uptake and

produces an arylsulfatase (an enzyme that releases sulfate from
sulfate esters), which has been localized to the periplasmic space

between the plasma membrane and cell wall. He recently purified

this enzyme, characterized it biochemically, and prepared polyclonal

antibodies against it. These antibodies were used to isolate the

gene, which is now being characterized in detail. So far, he has

detected the presence of at least one intron (a non-coding part of

the DNA), as well as a hydrophobic (fat-soluble) signal sequence,

which is important for targeting the protein to the periplasmic

space (since it allows the molecule to get through the fatty

membrane). Furthermore, he finds that, unlike the few other genes

sequenced for C. reinhardtii, the codons for this gene have adenine

at the third position. This means that codon usage may not be

biased (i.e., restricted to specific codons for each amino acid) for

normally low-abundant proteins like arylsulfatase. In contrast,

more prevalent proteins, such as rubisco, must be made quickly in

large amounts, and so must have very biased codon usage (to

match to prevalent tRNA pools).

Nitrogen is the nutrient most likely to be limiting in salt water;

in terrestrial and fresh water environments, phosphorus or nitrogen

may be scarce. Research associate Maryse Block is studying the

consequences of phosphate deprivation in the alga Anacystis

nidulans. She has identified a derepressible alkaline phosphatase of

Anacystis; it has, she finds, a very high molecular weight (> 160,000)

and is localized to the periplasmic space. She is in the process of

isolating the gene which encodes this polypeptide.

Higher plants have proved more difficult to manipulate than

microorganisms; thus, Grossman and colleagues have not been able

to use them as effectively in characterizing the effects of stress.

Recently, however, graduate student Juli Nash adopted the higher

plant Arabdopsis thaliana for studies on phosphorus stress.

Arabdopsis holds promise for such studies because it has a small

genome, relatively short generation time, and a variety of classical

genetic markers. Furthermore, it has been shown by others, for

example Embryology's Nina Fedoroff (p. 30), to be useful in gene

transfer experiments.

Dispelling Dogmas on Stem Elongation

Nutrients provide one major category of molecules that must be

imported into cells. Hormones make up another. Research on plant
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hormones, especially auxin, has been conducted at the Department
of Plant Biology for many years, albeit intermittently. Auxin is a

critical hormone in regulating various aspects of plant development.

But for all of its importance, little is known about this hormone; it

is not even known, for instance, if auxin interacts with the cell

membrane, as hormones in animal cells do. This year, postdoctoral

fellow Ulrich Kutschera, working in the Briggs laboratory, reports

important new results on how auxin effects stem elongation.

Kutschera's data go a long way toward dispelling two pieces of

dogma about auxin. The first is that auxin promotes a rapid growth
response in stem cells (usually with a lag of 10-15 minutes) by
inducing the excretion of hydrogen ions into the cell walls. This

influx of ions loosens the cell wall, allowing the cells to expand by
osmotic water uptake. The second piece of dogma is that synthesis

of new cell wall occurs at a late stage in the growth process, long

after the initial acceleration of growth.

In experiments undertaken for his thesis work at the University

of Freiburg, West Germany, two years ago, Kutschera was able to

show that the excretion of hydrogen ions was not necessarily

correlated with an auxin response. This seriously challenged the

first dogma. Kutschera's recent work, at Carnegie, has now
challenged the second.

In his experiments, Kutschera determined not only that stem
elongation is strictly limited to the outermost layer of cells (the

epidermis), a suggestion made by botanists over a hundred years

ago (and recently neglected), but that the epidermis itself is the

direct target of hormone action. With this knowledge in hand, he

then reinvestigated the effect of auxin on cell wall synthesis. He
suspected that previous workers studying this phenomenon extracted

many different tissues when removing radioactively labeled wall

precursor, not just the epidermis, thus perhaps missing a rapid

stimulation of wall synthesis in the epidermal cells. To avoid this,

Kutschera looked separately at the epidermis.

What he found was that incorporation of wall precursor occurred

simultaneously with the onset of auxin-induced growth; this small

increase in wall synthesis in the thin epidermal layer had, indeed,

been overlooked by previous researchers: it had been obscured by
nearby, nonresponding inner cells. Kutschera found further that

the increase was in the matric component of the wall, where a

change, as one would expect, loosens the wall structure and allows

expansion. Finally, his results showed that the epidermal wall

increased in plastic extensibility over the same time course with

which both stem growth and epidermal wall matrix synthesis

increased. Kutschera has thus significantly changed the way plant

biologists must think about the regulation of stem elongation by the

hormone auxin.
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Research on Human Embryos

In work exploiting the superb Carnegie Collection of human
embryos now at Davis, California, Department of Embryology
research associate Ronan O'Rahilly and colleagues have completed

the detailed description of nervous system development in stages

8-11 of the human embryo; their account of stage 12 is awaiting

publication.

In stage 11 (24 postovulatory days, 13-20 pairs of somites), the

notochord in a narrow sense appears for the first time. Its rostral

and caudal parts differ in origin. Rostrally, the notochordal plate is

being transformed into the notochord in a caudorostral direction.

The caudal part, however, arises from the axial condensation in the

caudal eminence in a rostrocaudal direction. The caudal eminence

(or end-bud) represents the former primitive streak. The somites

increase in number at a mean rate of one pair every 6.6 hours.

O'Rahilly and colleagues write that the rostral neuropore closes

toward the end of stage 11. The closure is basically bidirectional,

being more rapid in the roof region, and producing the embryonic

lamina terminalis and future commissural plate in the basal region.

The brain comprises telencephalon medium (represented by the

embryonic lamina terminalis) and a series of neuromeres. Some
occlusion of the lumen of the neural tube can be found only in

embryos where the rostral neuropore is still open. Hence there is

no evidence that occlusion plays a role in expansion of the human
brain. The marginal (primordial plesiform) layer is appearing. The
neural crest is still forming from both the (open) neural groove and

the (closed) neural tube, and exclusively from both neural (including

optic) and (mainly) otic ectoderm.

O'Rahilly and Fabiola Muller completed their Developmental

Stages in Human Embryos after fourteen years of preparation; the

volume reached print in September 1987 as the Carnegie Institution's

Publication 637.

Inquiries about the human and comparative collections, as well as

requests for permission for publication, should be addressed to

Professor R. O'Rahilly, Carnegie Laboratories of Embryology,

California Primate Research Center, Davis, California 95616.



The Physical Sciences

Concerted attack upon a specific problem [requires]

bringing to bear all the instrumentalities that will

apply, and creating new ones for the purpose. Often

the attempt to solve a particular puzzle presented by
nature occupies the efforts of scientists in many
countries and extends over a generation. The great

puzzle breaks down into subsidiary ones. . . .

.... The scientist seldom sweats to improve his

instrument merely for the joy of it; he usually has

something that he very much wishes to measure, he

has walked all around the thing and probed it from all

angles, and he finally sees a way in which he can break

it open, if only he can measure well enough. . . .

Vannevar Bush
Report of the President

Year Book tf (1950)

The challenge of context faced by the biologists is likewise

fundamental to those who study the physical Earth and Universe.

As knowledge deepens in the physical sciences and as new techniques

permit investigation at ever-finer levels of detail, the foremost

problem becomes to learn how the detailed findings relate to larger

matters. Each new building block of knowledge in some way
points toward eventual larger understanding, especially when the

investigation is cleverly designed so that it may bear on some
critical gap. As in biology, such investigations in the physical

sciences often involve the manipulation of environments—as in

laboratory experiment, in creating a theoretical model, or in

selecting a population of astronomical objects for study.

That the process often takes place on a broad front—in the way
glimpsed by Vannevar Bush in the first quotation, above—is

demonstrated in the pages that follow. An especially striking

example in the work of Carnegie Institution lies in the diversity of

investigations that bear importantly on a single major question

—

49
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how the Earth and Solar System were formed. Readers of recent

Year Books have learned about computer simulations of planetesimal

accumulation, observations of newborn stars still inside their parent

molecular clouds, and laboratory experiments at near-vacuum
pressures simulating those that may have prevailed during the

condensation of material destined to form the Solar System. This

year, we will note other related endeavors, ranging from theoretical

and observational work on collapsing gas clouds, to laboratory

studies of meteorites and synthetic earth materials. Their leading

roles in these many distinct but interrelated areas of investigation

suggest that Carnegie scientists are well positioned for leadership

in developing the major syntheses of the future.

Also evident is Bush's second observation—that the urge for

intellectual satisfaction drives frontier investigators toward
improvements in equipment and technique. A grand example is

Carnegie's resolve to build an 8-meter telescope at Las Campanas,
a venture rooted in the need among astronomers for ever-better

data. Other developments to be noted here—the use of synchrotron

radiation for structural studies of planetary and other materials,

the development of new radioactive isotope systems for greater

precision in studying the early Earth and Solar System, new
apparatus at the Geophysical Laboratory for studies by DTM
seismologists interested in the seismic properties of earth materials

—

are outgrowths of imagination, patience, and determination, often

over several years, by investigators thirsting for priceless research

data.

The following review of research at the Carnegie Institution's

Geophysical Laboratory, Department of Terrestrial Magnetism, and
Mount Wilson and Las Campanas Observatories is not a compre-

hensive report. To an extent greater than in recent Year Books,

the text is focused on only a few of the current studies. It may be

expected that major lines of investigation not discussed here—work
at the Observatories on stellar populations and on galactic structure,

for example—will be reviewed in future years.

Cosmology and Large-Scale Structure in the Universe

Cosmology is the branch of astronomy dealing with the evolution

and structure of the Universe on the largest scales accessible to the

observer's telescope or the theorist's imagination.

The basis for observational cosmology in the 1930's and 1940's

rested almost entirely on Hubble's Law—that a galaxy's distance

from us is approximately proportional to its velocity of recession, as

indicated by the redward shift in wavelength of its light reaching

us. This distance-velocity relation (discovered by Edwin Hubble

and Milton Humason at Mount Wilson) revealed that the Universe
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was expanding, and later theorists concluded that the expansion

had begun with a cataclysmic, initial explosion of energy, or "Big

Bang." In the early 1960's came the discovery of the microwave
background radiation—a relic of a very hot, early phase of the

expansion of the Universe. The discovery strongly confirmed the

general correctness of the Big Bang class of cosmological models.

Cosmologists worldwide continue to explore, refine, or challenge

the above picture. Several Carnegie astronomers are active in

this quest, bringing their energies and imaginations to bear on such

matters as the distribution of matter in the Universe, both

primordially and at present, and seeking new ways to pin down the

size, age, and future of the Universe.

An Observation of Primordial Structure. In the simplest

cosmological models, the distribution of matter and radiation

throughout the Universe is taken to be perfectly smooth and
uniform. In reality, however, we observe large inhomogeneities in

the Universe: the galaxies and clusters of galaxies that we now see

are themselves inhomogeneities as well as evidence of whatever
earlier inhomogeneities gave rise to them. How and when inhomo-

geneities were first introduced, perhaps in primordial times, is a

central problem in cosmology today.

Recently, Jerome Kristian and Rogier Windhorst of the Observa-

tories, in collaboration with colleagues of the Space Telescope

Wide Field and Planetary Telescope Instrument team, in observations

using the Very Large Array radio telescope in New Mexico,

obtained extremely sensitive maps of a patch of sky targeted for

special study with the Space Telescope. At fluxes just at the limit

of sensitivity of the maps, a peculiar mottled appearance could be

detected, on scales of a few minutes of arc. It is not clear whether
a real phenomenon was observed but if so, it may represent

fluctuations in the physical properties of the matter which were
imprinted on the background radiation field some time during the

first million or so years after the Big Bang. This would then

represent the first measurement of primordial structure.

A New Kind of Redshift Survey. In studying the large-scale

distribution of galaxies in space several years ago, Carnegie's Paul

Schechter and Stephen Shectman, in collaboration with Robert

Kirshner of Harvard University and Augustus Oemler of Yale

University, measured redshifts in photographically selected samples

of galaxies, often distributed over the sky in hundreds of very

small fields. Their discovery of the largest known void in the

distribution of galaxies, in the direction of the constellation Bootes,

was widely noted (Year Book 81, pp. 646-650). Since then, such

features have been found to be common.
The photographic selection technique has not been very precise,



Components of the Modular Spectrograph prior to assembly at

the Mount Wilson and Las Campanas Observatories. This project,

under the direction of staff member Paul Schechter, is being

constructed by the Observatories' technical staff and will enable

the spectra of faint red objects to be obtained with extremely

high sensitivity. The instrument is expected to be in operation in

early 1988.

however, and the redshift observations have been accumulated one

galaxy at a time. Thus the size of even the most ambitious galaxy

redshift survey is limited to at most a few thousand objects. At the

same time, more-detailed understanding appears to require ever-

larger surveys.

The same investigators are employing several new approaches in

undertaking a galaxy redshift survey of unprecedented size and

nature. Their sample of galaxies will be selected photoelectrically,

using a CCD camera at the Las Campanas 1-meter Swope telescope.

(CCD's, or charge-coupled detectors, are photoelectric devices

which yield images with higher ratios of signal to noise than are

achievable with photographic plates.) To survey a large area of the

sky, the CCD is used in the "scanning" mode, where the telescope

drive is turned off and a continuous image many degrees long is

produced by electronically matching the operation of the solid-state

sensor to the motion of stars across the sky. Such scans are made
in several adjacent strips to cover a substantial area—in this case,

an area as large as that of the focal plane at the 2.5-meter du
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Pont telescope. The result is a photometrically selected catalog of

galaxies which will be ideal for subsequent spectroscopic observation.

The plan is to make redshift observations of many galaxies at

once, using many optical fibers positioned in the uniquely large

focal plane of the du Pont. The fibers will be positioned in precisely

drilled plates, which are bent to match the curvature of the focal

plane at the telescope. At the other end, the fibers are to be
arranged along the entrance slit of the present Cassegrain
spectrograph. It should be possible to observe the redshifts of fifty

galaxies simultaneously, and in this manner to conduct a survey
which will eventually include tens of thousands of objects. The
multiple-fiber apparatus is under construction by electronics engineer

Christopher Price.

The Large-Scale Motion of the Local Universe. Last year, from
their observations of many elliptical galaxies, Carnegie astronomer

Alan Dressier and several colleagues discovered a large-scale

deviation from the uniform Hubble expansion—a streaming motion

affecting an enormous volume, including the Virgo and Hydra-
Centaurus Superclusters. The discovery of this vast phenomenon
challenged older ideas as to the uniformity of the expansion of the

Universe (Year Book 85, pp. 56-57).

The group has continued to explore their data, which had earlier

indicated a motion of about 600 km/sec with respect to the cosmic

background radiation. Improvements in the modeling have shown
that a good fit is produced by a concentration of mass located

roughly beyond the Hydra-Centaurus Supercluster at a distance of

about 200 million light years from us. The required mass—about 6

x 1016 solar masses over and above the average density of the

Universe—is equivalent to that of several thousand luminous

galaxies, including their dark halos, and is comparable to that of

the largest supercluster known. The predicted concentration lies in

the Supergalactic plane and could represent the major overdensity

in that extensive structure.

Shortly after the new modeling was completed, the group
investigated the European Southern Observatory catalog of galaxies

and noted a large apparent overdensity in the galaxy counts in the

appropriate direction. Early results of a redshift survey of galaxies

in the region by Dressier, who is using the 2D-Frutti spectrograph

on the du Pont telescope to produce a three-dimensional map of

the area, showed that the major density peak does indeed occur at

the approximate distance of the Hydra-Centaurus Supercluster. It

is thus possible that the large-scale velocity flow can be explained

largely by the gravitational pull of this enormous collection of

galaxies, or "Great Attractor," which could be one of the largest

coherent structures yet identified.
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The Hubble Constant and The Quest for Celestial Yardsticks.

Although the proportionality of recessional velocity and distance

has been long recognized, still controversial is the value of the

coefficient needed to convert velocity, which is easily measured, to

distance. Learning the value of this "Hubble Constant" will clear

up the true distances to objects beyond our own Galaxy, the time

that has elapsed since the Big Bang, and indeed the ultimate fate of

the Universe. But despite decades of work by many scientists,

often entailing intricate chains of difficult observations, astronomers

disagree in their determinations of the Hubble Constant by more
than a factor of two.

A critical link in such chains is the precise distance to relatively

nearby "calibrator" galaxies. When these distances are measured,

the luminosities of these galaxies will become known and they can

themselves be used as standard candles. Using such standard

candles at larger distances, beyond the gravitational influence of

our Local Group of galaxies, will allow the Hubble Constant to be

determined.

An excellent class of objects for measuring distances to potential

calibrator galaxies are the Cepheid variable stars. From observa-

tions in our own Galaxy, astronomers long ago learned that the

period of brightening of a Cepheid variable is an approximate

indicator of its intrinsic luminosity; distance is obtained by comparing

the intrinsic with the apparent (i.e., the observed) luminosity.

Although the method is straightforward in principle, its use involves

great subtleties and requires the fullest capabilities of the largest

available telescopes, equipped with CCD detectors.

Newly appointed Observatories' staff member Wendy Freedman
is obtaining new distance measurements to all the nearby calibrating

galaxies having known Cepheids. By obtaining CCD data at several

wavelength bands from the blue to red, she is able to correct for

the effects of interstellar absorption. The dust present between
stars in our own Galaxy as well as in the calibrating galaxy scatters

blue light more than red. Thus, results obtained from blue data

alone may produce distances greater than the true amounts. This

long-term program, when completed, should provide new, accurate

distances to ten calibrator galaxies.

Another problem in obtaining distances using Cepheids is the

effect of chemical composition. High-metallicity Cepheids (i.e., rich

in elements heavier than hydrogen and helium) may differ in

property from Cepheids of lower metallicity. To investigate this

possibility, Freedman, with Barry Madore of the University of

Toronto and the late Marc Aaronson of the University of Arizona,

has been studying Cepheids in nearby galaxies M31 and M33.

Gradients in chemical composition exist across these two galaxies,

so that by studying Cepheids at different locations the effects of

metallicity on the Cepheid period-luminosity relation can be

determined.
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In hopes of expanding the list of calibrator galaxies, Freedman,
with Madore, Aaronson, and several other collaborators, has

been searching for Cepheids in three galaxies of the Southern

Hemisphere. The first Cepheid was found this year, in NGC 247,

and further observations should permit determination of its period.

Interest in Cepheids seems likely to grow. The Working Group
on Galaxies set up by the Space Telescope Science Institute has

affirmed that determining distances to nearby galaxies and calibrating

the Hubble Constant is one of three top-priority projects. The
group also deemed that the most reasonable approach is through

use of Cepheid variables. Accordingly, Freedman and twelve

collaborators, including DTM's John Graham, have prepared a

proposal to conduct such work with the Space Telescope. They
propose to obtain Cepheid distances to about two dozen galaxies,

seeking to determine the Hubble Constant to an accuracy of

10% and to calibrate or assess other possible distance-measuring

systems.

One other yardstick is derived from the "Tully-Fisher" relation,

where the speed of rotation of a spiral galaxy—measured, for

example, by observing the 21-cm line of neutral hydrogen by radio

telescope—is an indicator of the galaxy's intrinsic luminosity and,

hence, its distance. The Tully-Fisher method, although possibly less

precise than the Cepheid method, is applicable at much greater

distances.

A comparable method of finding distances to elliptical galaxies

has been developed, entailing measurements of the unordered

orbital motions (i.e., the velocity dispersion) of an elliptical's stars.

Carnegie's Alan Dressier this year applied the method to the

bulges of spiral and SO galaxies, and he showed that the same tight

correlation existing in ellipticals also holds for them. He calibrated

his method using known Cepheid distances to nearby spiral galaxies

having large bulges, like M31 and M81; then, using this calibration,

he measured distances to farther galaxies—in the Virgo and Coma
clusters, for example. From this work, Dressier found a value of H
= 67 ± 10 km/sec/Mpc—considerably lower than the H = ~ 90

found by others using the Tully-Fisher method.

The Hubble Constant: Cosmological Considerations. Staff

member Allan R. Sandage of the Observatories, serving this year

at the Johns Hopkins University and the Space Telescope Science

Institute, has prepared a detailed critique of recent work on the

Hubble Constant. In particular, he considered two recent efforts

based on distance determinations—in one case using the Tully-

Fisher relation and in the other using galaxy type as an indicator of

intrinsic luminosity. Since both methods are affected by intrinsic

dispersion in the luminosity indicator, it is evident that their

results are strongly influenced by how the sample is selected.
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For example, if a sample is "flux-limited"—containing only

galaxies above a certain apparent brightness—in distant regions

the observations would be biased against galaxies at the low end of

the luminosity distribution because these galaxies would be too

faint to be seen. Conversely, in nearby regions the sample might be

biased against the high-luminosity galaxies if these objects are

rare. As a result, the distances in the far regions will be underesti-

mated, while distances in nearby regions will be too high. The
Hubble "Constant" will therefore apparently increase with redshift

distance. This effect has indeed been observed.

Asking whether such "redshift-dependent Hubble Constants"

result from sampling techniques or instead from real large-scale

density inhomogeneities, Sandage analyzed to the same redshift

limit an independent sample having a much fainter apparent

brightness limit. He concluded that the redshift-distance relation is

linear, and he derived a Hubble Constant of 40-50 km/sec/Mpc.

The reciprocal of the Hubble Constant is related to the age of the

Universe. (In the absence of deceleration—i.e., in an empty
Universe— a value of H = 50 represents an age of about 20 billion

years.) An independent method of determining the age of the

Universe is to add the age of the oldest stars of our Galaxy, the

globular clusters, which is moderately well known, to the time

when galaxy formation was well under way (i.e., the epoch associated

with the highest-redshift quasars). If the Hubble method and the

latter, "evolution" method disagree, the difference can be attributed

to deceleration of the expansion caused by the self-gravity of the

matter of the Universe. (If the Universe is above a certain critical

energy/matter density, deceleration will eventually overcome the

expansion and the Universe will recollapse; below the critical

density, the expansion will proceed forever.)

It turns out that the higher proposed values of the Hubble
Constant, when combined with the age estimate of the globular

clusters, yield little or no deceleration, and imply values of density

distinctly lower than the critical density. Lower values, such as

those favored by Sandage, yield a deceleration close to that associated

with the critical density.

During the last few years a new class of cosmological models has

been developed based on theoretical particle physics at very high

energies. These models, the so-called inflationary cosmologies,

explain a number of fundamental observations—the remarkable

uniformity of the cosmic background radiation, for example. They
predict rather firmly that the present energy/matter density should

be almost precisely the critical density. Thus, a confirmation of the

higher Hubble values would severely damage the inflationary

models, which, as some cosmologists have said, are "too good not to

be true." Conversely, precise determinations yielding a deceleration

implying the critical density would be a great triumph for the
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inflationary cosmologies; but another puzzling disparity would then

become even more urgent: In what form is this critical density of

matter or energy? At present, the density already observed in the

form of stars and gas seems well below the critical value.

Astronomers await further work on the Hubble Constant and

ages of the globular clusters with great interest.

Using Quasar Emissions to Study Intervening Gas Clouds

Quasars are now widely understood to be enormously energetic

objects, situated at the centers of galaxies at vast distances from

us. The source of a quasar's energy and its associated great

luminosity is generally believed to be matter being drawn violently

into an extremely massive central object, probably a black hole—

a

mass so dense that neither particles nor light can escape from its

gravitational field. Often, because of its luminosity only the quasar

itself, not the surrounding galaxy, is observed. Because quasars

were relatively numerous in the early evolution of the Universe,

the light of most quasars was emitted long ago and is today seen at

great distance.

Quasars are of great interest in themselves. But because of their

great distances and luminosities, they are also useful as probes for

studying whatever intervening gas happens to lie along our line of

sight. This gas is detectable by its absorption of quasar light at

selective wavelengths caused by individual atoms in the gas.

It has been learned that the intervening gas is characteristically

in the form of distinct clouds. Both the quasars and the clouds

participate in the general expansion of the Universe. Thus the

stream of photons coming to us from a quasar is redshifted in

proportion to the quasar's recessional velocity, or its distance from

us; similarly, the set of wavelengths absorbed by an intervening

cloud depends not only on the types of atoms and ions present in

the cloud but also upon the distance of that cloud from us.

The observations suggest that the intervening gas clouds are

divided into two distinct populations.

The first consists of clouds not apparently associated with galaxies.

These clouds seem to be composed of pure hydrogen and helium

—

the same elements present when nucleosynthesis ceased a few
minutes after the Big Bang. Much interest attaches to the study of

this population because its clouds might represent either protogalaxies

or perhaps "stillborn" galaxies.

The second population consists of clouds that appear to be

associated with gaseous halos and disks of galaxies or with gas

inside galaxy clusters. The gas in these clouds has probably been

processed through at least one generation of supernovae and should

therefore contain a significant fraction of elements heavier than
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hydrogen and helium.

This two-population view of absorbing clouds has recently been
challenged by astronomer David Tytler of Columbia University.

Having perceived continuity in the distribution of cloud sizes

between the two populations, Tytler developed a model where
members of the first (primordial) population in reality have heavier

elements but in amounts below present thresholds for detection.

Later, from analysis of a different data set, Carnegie postdoctoral

fellow Jill Bechtold reached the opposite conclusion: that a break in

the slope of the size distribution (strictly speaking, in the column
density distribution) does occur between the two populations. Her
result, which was presented at an international conference in Paris

and was recently submitted for publication, supported the reality of

two distinct populations.

Bechtold also recently carried out an analysis of the "proximity

effect," a phenomenon characterizing the first (primordial) population.

Absorbing clouds having redshifts much smaller than the quasar's

redshift are situated far from the quasar and are exposed only to

the average cumulative (i.e., background) radiation from quasars.

But intervening clouds having redshifts almost equal to the quasar's

are exposed to significantly more intense radiation, from the quasar

itself. This should cause a greater fraction of the hydrogen in the

cloud to become ionized, leaving fewer neutral atoms to absorb the

radiation. Thus, intervening clouds close to a quasar are less

likely to be detectable from their absorption. Further, the proximity

effect should be more pronounced in more-luminous quasars than in

fainter ones.

Bechtold has analyzed a new data set which confirms the existence

of the proximity effect and reveals an apparent correlation with

quasar luminosity. She notes, however, that in all the examples

analyzed so far, there is, not surprisingly, a correlation between
quasar redshift and quasar luminosity, so that the observed

correlation could really be evidence of a more fundamental relation

associated with redshift. Indeed, work by W. L. W. Sargent of

Caltech raises the suspicion that the usual explanation for the

proximity effect is not correct. Bechtold plans to continue attempting

observationally to disentangle a luminosity correlation from a

redshift correlation.

Ray J. Weymann, director of the Observatories, in collaboration

with E. Baron and C. Hogan of the University of Arizona and R.

Carswell of the University of Cambridge, has obtained preliminary

results of a theoretical study of the structure and evolution of

primordial gas clouds. The group is testing the hypotheses that

these relatively cool clouds are embedded in a much hotter and

more rarified gas, and that the pressure of this surrounding hot gas

is what holds the clouds together. Their calculations support the

model in predicting that, depending on circumstances, some of the
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clouds should be rapidly expanding and others should be collapsing

under their own gravity. Such expansion or contraction should have

subtle observable effects. Stephen Shectman and Bechtold of the

Observatories plan to search for these effects at Las Campanas
using the new Echelle Spectrograph.

Investigating Quasars

Weymann and research associate Scott Anderson of the Observa-

tories, with collaborators from the University of Arizona, the

University of Cambridge, the University of Michigan, and the

Space Telescope Science Institute, have initiated a large survey for

quasars. The venture employs pattern-recognition software,

developed by Paul Hewett of Cambridge, which operates upon
scans of U.K.-Schmidt objective prism plates made with an automatic

plate-scanning machine. In this way, selection effects (which bias

surveys of this type made with the human eye in ways difficult to

quantify) can be treated quantitatively. Among the objectives of

the effort are (1) to determine reliably the fraction of quasars that

are mass-ejecting and how this fraction varies with age, (2) to

discover additional protogalactic gas disks through which quasar

light is passing, and (3) to assess the likelihood that two unrelated

quasars could have observationally indistinguishable spectra. (The

last matter arises in connection with apparent gravitational lenses

for which no deflecting mass can be found.)

The survey is about 25% complete, and about 270 quasars have
been observed. The work has been carried out with the Multiple

Mirror Telescope, Mount Hopkins, Arizona, and with the du Pont

telescope at Las Campanas. Follow-up observations at higher

spectral resolution and better signal-to-noise ratio will be carried

out on a subset of the sample. It is already apparent that the new
sample exhibits a much larger percentage of lower-redshift quasars

than were found in previous surveys. Apparently many such

objects were not detected or not reported in the visual searches.

Weymann and Anderson, with Craig Foltz and Fred Chaffee of

the University of Arizona, are also surveying "radio-loud" quasars,

to investigate the incidence of highly ionized absorbing gas in the

vicinity of quasars. They find that these absorbing clouds are more
likely to be found associated with strong extended radio sources

than with radio-quiet quasars. The explanation for this is not clear.

One possibility is that the radio sources tend to be associated with

rich clusters and the clouds are associated with intra-cluster gas.

Another possibility is that the clouds are associated with the

plasma producing the radio source. Perhaps this association is

another manifestation of correlations linking radio and optical

properties of quasars, found by Todd Boroson of the University of

Michigan (a newly appointed staff member of the Observatories), J.



The ionized gas in the central three kiloparsecs of M31. This

image was created by DTM postdoctoral fellow Robin Ciardullo

using 147 CCD frames of Ha + [Nil] emission after the

continuum has been subtracted out. Toward the top, a series of

long, thin filaments of ionized gas is seen curving away from the

nucleus; at the bottom, a spiral arm of gas tipped substantially

out of M31's plane is apparent. This is the most detailed picture

ever made of extragalactic ionized gas.

B. Oke of Caltech, and Carnegie's Eric Persson.

It also appears likely that mass-ejecting quasars and the strong

radio sources are mutually exclusive. Further progress is needed in

both the computer-selected objective prism survey and the radio

survey before the statistics become convincing. Some simple models

to explain such an anti-correlation are being investigated.
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Black Holes in the Nuclei of MSI and M32

Astronomers continue to investigate the nature and source of the

powerful energetic activity found at the centers of many galaxies

—

quasars and other, less-energetic active galactic nuclei found in

Seyfert galaxies and other unusual galaxies. The nuclei of these

galaxies are believed to harbor black holes at their centers.

Because of preexisting motion across the direction of collapse,

matter near the center of such a galaxy does not fall directly

inward but rather spirals toward the central black hole in nearly

circular orbits. A flattened structure, or "accretion disk," is thus

formed. Matter within the accretion disk is heated by viscous

dissipation as gravitational energy is gradually released. Some of

this energy escapes, giving the accretion disk a high luminosity.

The luminosity depends on the rate at which matter is being

accreted as well as upon the mass of the central black hole.

Although accretion disks surrounding black holes are now
universally incorporated in mathematical models of quasars, the

only observational evidence of their reality is indirect—seen in the

distribution with wavelength of radiation from quasars, which

seems to require a spread in emitting-gas temperature that is about

what one would expect from accretion disks.

Might there be dormant black holes in the nuclei of normal

galaxies, which lack the supply of gas needed to fuel gaseous

accretion disks or produce quasars? Could there be a kind of

progression in nuclear activity—from quasars, to Seyfert and other

galaxies with active galactic nuclei, to certain more nearly normal

galaxies? If so, what observations might reveal the presence of

these last objects? These matters have been addressed by Observa-

tories staff member Alan Dressier and colleague Douglas Richstone

of the University of Michigan.

The key to their work is that, although a black hole is forever

prohibited from sending light signals or particles to the outside, it

nonetheless exerts a powerful gravitational force on any stars in its

neighborhood. This has the consequence of greatly increasing the

orbital speeds of stars very close to the center of the galaxy; these

velocities are detectable by a broadening of the absorption lines in

the integrated light coming from the nucleus of the galaxy.

Dressier and Richstone used the Double Spectrograph at the

Hale 5-meter telescope at Palomar on a night of exceptionally good

seeing to obtain spectra of the nuclei of galaxies M31 and M32.

M31, the Andromeda galaxy, is the nearest spiral galaxy to our

own, and M32 is a small elliptical galaxy satellite to M31. Neither

shows typical signs of harboring an active galactic nucleus. The
velocity dispersion and the velocity data obtained by Dressier and

Richstone, as a function of distance from the center, are shown in
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Fig. 7. Rotational velocity and velocity dispersion measurements in the

centermost region of M31, by Alan Dressier and Douglas Richstone. The sharp

increase in both measurements approaching the center indicates the presence of a

large concentration of mass, which the investigators believe is a massive collapsed

object, or black hole. The slight displacement of the kinematic center from the

center of light is yet unexplained.

15
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Figure 7. Evidently there is a strong concentration of mass which

causes very rapid rotation and a large rise in velocity dispersion at

the center.

To interpret the results, the investigators constructed dynamical

models of the two nuclei and then introduced the observing and

reduction procedures used in the actual data. They discovered that

the observed results could not be produced by their models unless a

large amount of very-low-luminosity (or zero-luminosity) mass is

located within a very small volume at the centers. The amount of

required mass was 3-7 x 108 solar masses in the case of M31, and

8 x 106 solar masses for M32.

In principle, each central mass could consist of a very large

number of collapsed objects, such as white dwarf stars or neutron

stars. Dressier and Richstone argue, however, that a less contrived

explanation is the presence in each case of a single massive, dark,

collapsed object, i.e., a black hole.

A curious complication is that in M31 the center of light does not

coincide with the kinematic center. Dressier and Richstone cannot

identify the source of the displacement with certainty, but a large

stellar subsystem and dust are possible explanations.

They note that the mass of the apparent black hole in M31 is

large enough to power an actively emitting nucleus. Perhaps at

some point in the past when there was an adequate supply of gas,

M31 had a brilliant nucleus—perhaps that of a Seyfert galaxy.

Galaxies with Polar or Equatorial Rings

Disk galaxies girdled over their poles by rings of gas and young
stars have in recent years offered major insights into the structure

and evolution of galaxies (Year Book 85, pp. 51-52). The presence

of a polar-ring system indicates that material was accreted after

the formation of the original disk, either from a neighboring galaxy

or through the wholesale merger of such a galaxy. Meanwhile,

measurements of rotational motion in the disks and polar rings,

respectively, describe the shape of the gravitational field and hence

the location of unseen mass.

Astronomers Francois Schweizer of DTM, Bradley Whitmore of

Space Telescope Science Institute (a former postdoctoral fellow at

DTM), and Douglas McElroy of Computer Sciences Corporation

have completed a study aimed at determining the shape of the

gravitational field in polar-ring galaxies. Spectroscopic and
photometric observations of the galaxies NGC 4650A and

MCG-5-7-1 were combined with earlier observations of AO136-0801.

In all three galaxies, the rotational velocities measured in the

polar rings agree (within 10%) with the rotational velocities measured
at similar radii in the underlying disks. It follows that the

gravitational force above the pole of a disk nearly equals that in the
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plane of the disk. The investigators conclude that about halfway
from the center to the edge of the luminous matter, the gravitational

field is already dominated by a nearly spherical, dark halo.

Evidence for the existence of massive halos of dark matter
surrounding disk galaxies has been growing for the past decade.
Major contributions included those of DTM's Vera Rubin and Kent
Ford, whose measurements of rotation in spiral galaxies revealed
the presence of large amounts of unseen mass. But the shape of

this matter could not be studied until the discovery of polar rings

and their use as vertical probes of gravity. The composition of

these halos remains elusive.

Another piece of the puzzle has been missing—the equatorial-

ring counterparts of polar-ring galaxies. If polar rings form from
material accreted in mergers and if mergers occur at random
angles, one would expect equatorial-ring galaxies to be as numerous
as polar-ring galaxies. Indeed, some disk galaxies with rings in

their equatorial planes have been known, but in these cases the

rings have generally, and probably correctly, been attributed to

resonance effects in the disks, especially in disks with bars. The
existence of galaxies with accreted equatorial rings remained
unproven.

Schweizer and Ford, collaborating with postdoctoral fellow

Robert Jedrzejewski of the Observatories and Riccardo Giovanelli

of Arecibo Observatory, believe they have identified a first, equatorial

accretion-ring galaxy. Hoag's Object, a faint, 16th-magnitude

object, appears on Schmidt telescope plates as an almost perfectly

round core encircled by a smooth ring 17 inches in radius. In his

1950 discovery announcement, Harvard astronomer Arthur A.

Hoag suggested that this object may be either a planetary nebula

(in our own Galaxy), a pathological galaxy, or even some kind of

gravitational lens system. That Hoag's Object lay outside our own
Galaxy was established in the mid-1970's from its redshift, but

otherwise the Object received little attention.

Schweizer and colleagues obtained an image of Hoag's Object

with the Four-Shooter camera of the Palomar 5-meter telescope

under excellent seeing conditions (Fig. 8). They determined that

the ring has a knotty structure, suggesting that it contains young
stars and gas, and showing that it is not the gravitationally lensed

image of a background galaxy. Optical spectra from Palomar and

radio spectra from the 1000-foot dish at Arecibo confirm these

points. These spectra show that the ring has the same recession

velocity as the central galaxy to within a few km/sec, thus placing

the two at the same distance from us. They also reveal that ionized

and neutral hydrogen gas is present in the ring and rotates in a

manner typical of galactic disks. The central galaxy is an elliptical,

however, not a disk galaxy, and is separated from the ring by a

gap of low luminosity.



Fig. 8. Image of Hoag's Object, a galaxy consisting of an

elliptical central component and an apparently detached equatorial

ring. The ring has now been shown to be physically associated

with the central galaxy, not the gravitationally lensed image of a

background galaxy. It consists of stars and gas that rotate around

the center in an ordered fashion. The ring is thought to have

formed after the central galaxy accreted a gas-rich companion and

the gas settled into a new, star-forming disk. The photo was
obtained by DTM's Frangois Schweizer and Kent Ford with the

Hale 5-meter telescope at Palomar and a camera containing four

CCD's as detectors.

Thus Schweizer and colleagues suggest that in Hoag's Object, the

central galaxy accreted a gas-rich neighbor some time ago, whose
gas then settled into an equatorial ring. A search for look-alike

objects in galaxy catalogs and on sky survey photographs has

produced a half dozen candidates and shows that they are as

numerous as polar-ring galaxies. If confirmed, the discovery of

these galaxies with equatorial rings will add another piece of

evidence that galaxy formation and evolution are episodic.

Clues to the Formation of Ellipticals and Bulges

At the centers of disk galaxies are spheroidal agglomerations, or

bulges, of old stars. Superficially, the bulges of disk galaxies are

like smaller cousins of the giant ellipticals—galaxies that have

essentially no disks. Over the years, astronomers have alternately

emphasized the similarities and differences between bulges and

ellipticals. Two trends in the early 1980's gave emphasis to the
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differences: (1) photometric analyses of photographic plates seemed
to reveal minor, but noticeable structural differences, and (2)

evidence grew that ellipticals were formed through mergers, which
was not accompanied by similar evidence for bulges. Thus in the

case of our own Galaxy (a disk galaxy), the traditional view—that

the halo and bulge were formed in a single rapid collapse—continued

to dominate thinking. Yet, as Alar Toomre summarized at a 1986

workshop in Santa Cruz, California, the similarities between the

two kinds of structures, bulges and ellipticals, are so strong that in

any theory of galaxy formation "bulges and ellipticals must sink or

swim together."

With these issues in mind, Francois Schweizer of DTM and Pat

Seitzer of the National Optical Astronomy Observatories have been
imaging elliptical and early-type disk galaxies (SO, SO/a, and Sa
galaxies) with the Kitt Peak 36-inch telescope, using various CCD's
as detectors. To date, high-quality images of 72 galaxies have been
obtained. The goals of the investigation are (1) to make an inventory

of faint structures, such as outer ripples and tidal tails, that are

signatures of recent galaxy mergers and interactions, and (2) to

extend this inventory from the hitherto exclusively studied ellipticals

to SO, SO/a, and Sa disk galaxies.

Schweizer and Seitzer have discovered that ripples occur not only

in ellipticals but also in disk galaxies, as seen in Fig. 9. The
percentage of galaxies having ripples decreases from 10% in ellipticals

to 6% in SO's and 1% in Sa's, thus suggesting why ripples were
discovered in ellipticals first. In computer simulations, various

investigators have shown that ripples form as a natural consequence

of the disintegration of small galaxies in the gravitational fields of

more-massive ellipticals. (The ripples consist of debris strewn along

orbits that wrap around the center of the elliptical typically over

several revolutions.) The discovery of ripples in disk galaxies now
suggests that stellar disks, thought by some to be very fragile, are

in fact robust enough to survive accretion of companion galaxies

involving up to perhaps 10% of the total mass. Since a merger
scatters the stars of the intruder and triggers its gas violently to

form stars at the center, the discovery of disk galaxies with ripples

supports the notion that bulges may form and grow through such

encounters.

Schweizer and Seitzer also report the discovery of two ellipticals

having extraordinarily box-shaped contours of light intensity

(isophotes). Until recently, one of the most important differences

between bulges and ellipticals seemed to be that bulges deviate

from a mathematical spheroid more than ellipticals do. In some

extreme cases, the isophotes of bulges viewed edge-on are indented

at the poles, creating the appearance of peanuts. In contrast, the

isophotes of ellipticals seemed to deviate from mathematical ellipses

by 1-2% at most.
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Fig. 9. Two disk-type galaxies with faint, outer ripples, discovered by Francois

Schweizer of DTM and Pat Seitzer of the National Optical Astronomy Observatories.

Each galaxy is shown at low contrast (left) and high contrast (right). NGC 7600 is

an SO, a disk-galaxy type closest in form to ellipticals; the ripples are thought to

stem from a smaller galaxy that fell in during the past 1-2 billion years and whose
debris are now oscillating back and forth in the gravitational field. NGC 3619 is

an Sa, a spiral type having weak disks and strong bulges. The presence of ripples

there may be associated with recent growth of the bulge through accretion of

matter from a neighboring galaxy or through a wholesale merger.
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Fig. 10. Schweizer and Seitzer's isophote maps of elliptical galaxies NGC 3610

and IC 3370. Successive lines of intensity are separated by one magnitude in

luminosity. Note the progression in shape from nearly elliptical isophotes near the

center to boxy isophotes farther out. The outermost isophotes of IC 3370 become
slightly peanut-shaped, a phenomenon previously known to occur only in bulges of

disk galaxies. There is evidence that the box-shaped deformations arose from

luminous material accreted in a merger.

The deviations from ellipticity now measured at low light levels

by Schweizer and Seitzer in NGC 3610 and 3640, and in the elliptical

IC 3370 (discovered earlier), reach 6-9%—comparable to those

observed in very boxy bulges (Fig. 10). Thus another apparent

difference between bulges and ellipticals has vanished.

It is especially interesting that the three boxlike ellipticals just

mentioned show ripples, the markers of recent accretion. Thus by
inference, accretion must also be involved in the formation of

peanut-shaped bulges. New computer simulations of accretion in

disk galaxies by other investigators, and new observations by
Bradley Whitmore of a galaxy with a peanut-shaped bulge, suggest

similar conclusions.

These various pieces of evidence hardly provide incontrovertible

proof that bulges formed after the disks in galaxies, through infall

and mergers. But together with growing evidence for youth in

some bulges, such as blue colors, and for central bursts of star

formation in interacting galaxies, these observations do point in the

direction that bulges, like ellipticals, may be secondary products of

galaxy formation.

In this picture, the collapse of protogalactic gas clouds leads only

to the formation of disks; the subsequent collision of such disks

then leads to the formation of the spheroidal components known as

bulges and ellipticals. Even the halo and bulge of our own Galaxy,

consisting of ancient stars, may have formed not in a free-fall

collapse, as in the classic picture, but perhaps only in the last major

merger here at home.
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The Discovery of Supernova 1987

A

It was a good night for astronomical seeing at Las Campanas,
clear and windless—a typical summertime night when hours of

darkness were short and observers worked rapidly to exploit the

fullest opportunity offered by the magnificent sky. All the telescopes

were in use, including Carnegie's 10-inch refractor telescope, or

"astrograph," installed in a low building near the observatory's

main domes. At the astrograph, astronomer Ian Shelton of the

University of Toronto was taking photographic plates of the Large
Magellanic Cloud. Nearby, at the Swope 1-meter telescope,

astronomers Barry Madore and Robert Jedrzejewski and night

assistant Oscar Duhalde were intent on their work. But if the

activities of the night were otherwise ordinary, it only served to

heighten the extraordinary nature of the discovery that by chance

took place there a few hours after midnight, February 24, 1987.

The Large Magellanic Cloud is often used by astronomers as a

convenient laboratory for studying stellar processes. A small,

satellite galaxy of our own, lying about the same distance from us

as the farthest edge of the Milky Way's disk, the Cloud is observable

only in the Southern Hemisphere. It is seen relatively free of the

dust that interferes with observation of many of the stars of our

own Galaxy.

Most nights, Shelton would not have looked over his plates until

the next day. But on this occasion he happened to notice on his

final exposure (about 3:30 A.M.) what appeared to be a star greatly

brightened over anything in the region on the previous plate.

Excited by the possible significance of the object, he walked to the

Swope telescope to talk to Madore and the others about it. A
brief technical discussion with Madore made clear that what
Shelton had discovered was almost surely a supernova; Duhalde

then mentioned that he had noticed the new object while scanning

the sky from outside the dome about 2 A.M. (Although he knew
well the Large Magellanic Cloud and realized that he was seeing a

new object, Duhalde in the press of work at the telescope had not

mentioned his sighting to Madore or Jedrzejewski.)

The discovery of the newborn, nearby supernova was an event of

extraordinary importance to astronomers. Supernovae are believed

to be the principal means whereby elements heavier than hydrogen
and helium are released into interstellar space; they are also

believed to cause violent instabilities which can trigger the formation

of new stars throughout the regions of their expanding shells.

Getting the news out was no easy matter. Madore tried repeatedly

to report the discovery by calling the official clearinghouse for

astronomical discoveries in Cambridge, Massachusetts, but no one

at Cambridge answered the telephone. Shelton meanwhile went to
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the University of Toronto's 24-inch telescope, where he convinced a

visiting Argentine astronomer to yield his observing time in order

to obtain photometry of the young supernova. At daybreak, knowing
that it was not yet nightfall in New Zealand and Australia, Duhalde
realized that there was still time to claim the discovery. He wrote

out a note telling about the sighting and listing data from Shelton's

photometry and gave it to Angel Guerra, the night assistant at

the du Pont telescope. Guerra drove by truck to the observatory's

offices in the coastal city of La Serena, where he gave the note to

resident scientist Wojciech Krzeminski and scientist/administrator

William Kunkel. At first it seemed unlikely to Krzeminski and

Kunkel that the handwriting on torn computer paper really meant
what it seemed to say, but they made sure that a telex was
dispatched. The message reached Cambridge as people there were
arriving for work, about 9 A.M. local time, 30 minutes before a

similar message arrived from New Zealand.

The word was quickly flashed around the world, and on the

second night telescopes throughout the Southern Hemisphere were
focused on the new object. Early data from the International

Ultraviolet Explorer satellite showed that the ultraviolet brightness

peaked in the first hours as the expanding cloud cooled. The
apparent visual magnitude declined slightly after the third night to

about +4.5, and then in early March began a slow increase,

Oscar Duhalde C. (at left), night assistant at the Swope
telescope, Las Campanas, who sighted the new supernova in the

Large Magellanic Cloud shortly before its official discovery in the

early hours of February 24. Duhalde later visited North America,

and is shown here with astronomer John Graham at DTM.
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reaching about +2.9 after 90 nights, becoming easily the brightest

object in the Large Magellanic Cloud. The sustained rise was
unexpected—a major contradiction to earlier theory. By late July,

the luminosity had declined to the values of the first nights.

The identity of the precursor star was for several weeks uncertain,

but conclusive determination that the blue supergiant Sanduleak
- 69° 202 (previously seen in the ultraviolet) was no longer

detectable, ended the uncertainty. The precursor star was thus not

a red giant, as had been at first supposed, but rather a hot star

only moderately removed from the main sequence, perhaps 15-20

times the mass of the Sun.

In late March, at a slight distance from the center of the explosion,

astronomers detected a bright object not seen previously. Its

nature (and its reality) remains uncertain, but one possibility is

that the object is a previously unidentified star which was disrupted

by the supernova explosion. It has also been suggested that there

may be a spinning neutron star at the center of the supernova, and

several investigators, including Carnegie's Jerome Kristian, are

attempting to detect the oscillations as the expanding shell of the

supernova becomes partly transparent.

The events of February 24 made a temporary celebrity of

Shelton, whose credit for the discovery was universally acknowledged.

Fame also touched Oscar Duhalde, whose earlier sighting of the

supernova was described in some of the news stories. Duhalde, who
studied electro-mechanical engineering at the University of Chile

prior to starting his service at Las Campanas in 1978, appeared in

the opening segment of a production filmed at Las Campanas and

broadcast on public television in October 1987. Duhalde's reward
was a late-summer trip to Pasadena, Washington, and other

centers of science in North America; it was his first trip outside his

native Chile.

Star and Solar System Formation

To within the limits of the measurements, the oldest bodies in

the Solar System are essentially the same age as our Sun. Thus the

planets must have been formed as part of the same process that

formed the Sun. An indirect way of studying how the process may
have occurred is to investigate newly formed low-mass stars similar

to our Sun, and the interstellar clouds in which such stars form.

Several investigators at DTM are taking this approach.

Studying Molecular Clouds Observationally . Interstellar space

within our Galaxy harbors varying concentrations of hydrogen gas,

much of it in relatively dense, cold clouds composed largely of

molecular hydrogen (H2). Only recently, with the development of

millimeter-wave radio telescopes, has it become possible to identify
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and study molecular clouds. It is in these clouds that new stars

are born—products of self-gravitational collapse of cloud regions.

From their observed frequency and other data, it is evident that

all but the most massive molecular clouds have ages up to 108

years. But the time scale for self-gravitational collapse of such a

cloud can be a hundred times shorter. Thus, some means of

supporting a cloud against gravitational collapse must exist, acting

to prevent collapse over most of the cloud's lifetime.

Mark Heyer, a postdoctoral fellow at DTM, has investigated the

role of the interstellar magnetic field in supporting clouds against

collapse. In theory, the signatures of a dynamically important

magnetic field are (1) gas distributions flattened into a plane

perpendicular to the magnetic field, and (2) cloud rotational axes

parallel to the magnetic field. From his millimeter-wave maps
of the distribution and kinematics of molecular gas in the Taurus
molecular cloud, and from his polarization measurements of the

magnetic field geometry, Heyer finds such magnetic signatures in

regions where density is less than 3 x 103 molecules/cm3 ; a prominent

role of the magnetic field in supporting cloud structure is thus

suggested in these diffuse regions. But in regions of higher density

(>104 molecules/cm3
), these signatures are absent. Presumably the

ionized molecules which couple the neutral gas to the magnetic field

are less abundant in dense cloud regions. Heyer's observations

provide the first estimate of the density where the magnetic field

can no longer supply an important dynamical influence upon the

mostly neutral material of molecular clouds.

Models of Cloud Collapse. Self-gravitational collapse is thought

to originate in dense portions of molecular clouds which lose

magnetic field support. The clouds fall in upon themselves, producing

much denser, hotter configurations—protostars, which will evolve

into young stars. Such regions can be probed observationally to

densities of about 106 molecules/cm3
. But newly formed stars have

densities about a factor of 1020 higher. Learning more about what
happens at the intermediate densities therefore requires mathematical

modeling of the collapse.

Because Heyer's observations imply that dynamically significant

magnetic fields are not present after the earliest stages of cloud

collapse, calculations of nonmagnetic collapse should describe much
of protostellar evolution. Accordingly DTM staff member Alan

Boss, continuing his earlier modeling of cloud collapse {Year Book

85, pp. 63-65), this year calculated several theoretical models of

nonmagnetic collapse, investigating the effects of rotation on the

evolution of the cloud envelope. In previous modeling, he had

followed in detail the evolution of a cloud's central core (and in

particular the formation of protostellar objects therein). Now, by
restricting attention to the cloud envelope, Boss was able to push
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Fig. 11. Top: Density contours in a theoretical

model of the collapse of a nonmagnetic, rotating

interstellar cloud. Each contour represents a

factor of ten change in density, with highest

densities occurring at the plus signs. The cloud

rotates about the vertical (symmetry) axis.

Because of conservation of angular momentum,
the cloud flattens into a quasi-equilibrium

toroidal configuration, supported against self-

gravitational collapse by both thermal pressure

and centrifugal effects. This computer-generated

model, by DTM's Alan Boss, indicates that

when a young stellar object forms at the center

of such a cloud, the energetic wind from the

object will flow preferentially outward along the

evacuated symmetry axis, collimating and

confining the wind into a bipolar flow.

At left: Photograph taken from the Gould-

DeAnza imaging device. Darkness indicates

region of higher density. The very light bipolar

regions and the very dark toroid are evident.
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the theoretical calculations much farther in time than in previous

multidimensional models—to the late phase where protostars at the

center have evolved to become young stellar objects and pre-main-

sequence stars.

Boss found that rotational effects can be quite important for the

evolving structure of the cloud. Regardless of the precise density

distribution in a cloud prior to collapse, the envelope approaches a

quasi-equilibrium configuration, consisting of a flattened disk or

toroid lying in a plane perpendicular to a strongly evacuated region

along the rotational axis of the cloud (see Fig. 11). The flattened

regions are supported against further inward collapse onto the

central core by a combination of thermal pressure and rotational

(i.e., centrifugal) effects; the gas along the rotational axis, however,
lacking support from centrifugal effects, is efficiently accreted by
the core. Boss reasoned that if a young stellar object located within

the central core produced a stellar wind in all directions, it should

become conical and bipolar as it traverses the envelope, because

the wind will be able to flow more freely out of the evacuated polar

regions than through the dense, flattened disk.

The primary requirement for rotational effects to produce the

bipolar flow is that the cloud must initially rotate at least moderately

in velocity. Heyer's determination of rotational axes and rotational

periods in the Taurus molecular cloud implies that this requirement

is satisfied often.

Thus Boss's models showed that rotational effects can provide

the physical mechanism explaining the features often observed

about new stars—the flattened gas disk or toroid about the center

and the bipolar, conical flow directed perpendicularly. (These

features are being studied by Bel Campbell and Eric Persson of the

Observatories in observations of young stars much more massive

than the Sun; see Year Book &4, PP- 70-73, and Year Book 85, pp.

61-62.)

Contrary to what was widely believed ten years ago, it now
appears that low-mass star formation is a far from tranquil affair.

The contracting star emits strong stellar winds, and flares up from

time to time. The bipolar flow of molecular gas produced by the

stellar wind enables the presence of the protostar to be inferred

while still embedded in the opaque cloud. Once the cloud has

cleared sufficiently, the young star will become optically visible as a

T Tauri variable star, with a more nearly spherical wind. In this

phase, the wind is likely to scour any gas and dust still surrounding

the young star. Thus models of planetary formation, which require

that planets be formed of this material, must be constrained by the

timing and energetics of the T Tauri wind.

Observations of Emissions from Forming Stars. Heyer has

studied large-scale mass outflows from young stellar objects through



THE PHYSICAL SCIENCES 75

observations of high-velocity 12C0 J = 1-0 emission, using the

millimeter-wave telescope of the Five College Radio Astronomy
Observatory in Massachusetts. He investigated whether the bipolar

outflows may provide the source of energy driving the turbulent

motions often observed in interstellar clouds. Heyer's survey of

candidate newborn stars in the Taurus molecular cloud has uncovered

three new sources of mass outflow. While these and other previously

detected outflows in Taurus are very energetic, Heyer concludes

that stellar winds alone cannot completely replenish the turbulent

energy lost to radiative dissipation.

A different way of probing stellar winds is by observing Herbig-

Haro (HH) objects. While these were once thought to be star-

forming clouds themselves, they are now known to be low-mass

clumps of gas (about ten earth masses) which have been shocked

into visibility by stellar winds. Because of their extremely low

mass, HH objects have little influence on the properties of the wind
and are excellent probes of wind strength. They are sometimes
found aligned either side of and moving away from a central young
star. If an energetic bipolar flow is also seen, the HH object falls

within the flow. Where the young star is still hidden from view
inside the cloud of its formation, the presence of an HH object (or a

bipolar flow) betrays that a star-forming event is not far away;

indeed, the location of the young star can often be deduced by
tracking backward along the direction of HH-object motion.

DTM astronomer John Graham is using the Las Campanas
telescopes to study HH objects in regions of low-mass star formation

(Year Book 85, pp. 62-63). He has confirmed that winds from

recently formed stars attain very high velocities, of the order of

200 km/sec, with respect to the source star. Studies of the active

young star associated with HH57 show that the acceleration takes

place very close to the stellar surface and that the wind is evidently

responsible for sweeping away much of the star's extended outer

envelope, as well as even-more-distant material. In the case of

HH57, the surrounding cloud shell has probably only recently been

removed, allowing the star to become visible; in HH46, where the

central star is still hidden from view, shell removal may still be

occurring.

As part of their long-term study of the Southern Hemisphere's

Lupus molecular cloud, Graham and Heyer are studying HH
objects associated with newly formed young stars in Lupus. Upon
detection of HH objects by imaging their strong emission-line

radiation, radial velocities are determined by precise wavelength

measurements with spectrographs. Movement is usually so great

that transverse motions can be derived by measuring the angular

motion of the HH objects over several years. Two outflows were
previously known in Lupus. Graham and Heyer have detected a

third outflow, associated with the star CD -33° 10685, a T Tauri

star.



Model of the future 8-meter

telescope. Light from the night sky

is reflected by the primary mirror

(diameter 8 meters) backward to

the secondary mirror suspended

approximately one focal length (8

meters) away. At the secondary

mirror, the light is directed through

the hole at the center of the main

mirror to the camera or detector

behind.

The entire mount turns in

azimuth over the cylindrical base;

the mirror mount is raised and

lowered in elevation. The scale is

conveyed by the small figure of an

astronomer at the front.

With Patrick Hartigan, now at the Center for Astrophysics,

Graham concluded a study of the HH objects in another Southern

molecular cloud in Corona Australis. Two probable bipolar outflows

were identified, one associated with the bright variable star R Cr A
and a second with the embedded infrared star HH 100 IRS. Later

work at Las Campanas suggests that a third outflow, in a rather

advanced stage, is associated with the star S Cr A.

There is a pleasing consistency in result among Heyer's observa-

tions of the relative roles of rotation and magnetic fields in the

Taurus molecular cloud, Boss's models of the collapse of rotating,

nonmagnetic clouds to form configurations conducive to bipolar

outflows, and Graham's observations of bipolar flows and HH
objects associated with strong stellar winds in young stars.

Millimeter-wave observations, theoretical models, and optical

observations evidently can be combined to achieve a harmonious

sequence—from molecular clouds through star formation through

early stellar evolution.

The Future 8-Meter Telescope

Project Magellan is a partnership venture by the Carnegie

Institution, the University of Arizona, and the Johns Hopkins
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University, looking toward the development, construction, and

eventual operation of an 8-meter telescope at Las Campanas, Chile.

The project's Science Working Group held six meetings during

the report year, two each in Baltimore, Pasadena, and Tucson. The
group gave highest priority to telescope performance in the optical.

(Good infrared performance had the second highest priority.)

The group made the assumptions that the primary mirror will be

of borosilicate glass, the primary will be figured at F/l unless

proven impractical, and the focus of choice for instrumentation

would be the Cassegrain. (More recently, an F/l. 2 primary has

been adopted as the baseline design.) The specifications accordingly

called for an error budget of 0.25 arcsec, a field of 40 arcmin,

broad spectral coverage (from 3300 A to 2.4 microns), and the

highest throughput, both for the telescope and the instrumentation.

A Cassegrain focus of between F/4.5 and F/6.5 was favored as the

best compromise for both imaging and spectroscopy. The telescope

must have low and stable emissivity, the group deemed, and be

The Las Campanas observatory, seen by air from the

northwest. The du Pont telescope is in the foreground; seen

behind it are the building housing the 10-inch astrograph, the

University of Toronto telescope, and the Swope 1-meter telescope.

The handwritten numbers 1-4 indicate the locations where
wind and (in some cases) temperature data are now being

measured, in preparation for selecting the site for the future 8-

meter telescope. (Site 2 is 200 meters southeast of the du Pont
telescope; site 3 is off the left edge of the photo, at the summit of

the rise known as Manqui; site 4 is on the Las Campanas rise

proper—the highest point within the observatory grounds.)



The above instrumentation, shown here at Pasadena, will be

used for measuring stellar-image motion at Las Campanas. The
dual-telescope unit is at the right, atop the cylindrical base. Light

enters the two circular openings, where the backs of two
secondary mirrors can be seen. Inside are two 7-inch primary

mirrors and detectors. After preliminary processing, the signals

are passed via cabling to the computer unit shown on the cart,

where processing, storage, and power-spectrum analysis are

accomplished. (Telescope power supply and control units are also

shown on the cart.)

The dual-telescope feature allows subtraction of spurious star

motion caused by motion of the equipment. In Chile, the

telescope unit will be atop a 20-foot tower of concrete, which will

be protected from the wind by an 8-foot-diameter tube. Eric

Persson, who leads the site-testing effort, believes that sites 2

and 3 (see photo, page 77) will probably be the most thoroughly

tested.

able to accommodate a chopping secondary.

Harland Epps of UCLA conducted several optical design studies.

In addition, two mechanical studies were carried out by the firm of

L & F Industries. The first was to define a basic structure for the

telescope mounting, one that would satisfy the preliminary

specifications and then lead to a reliable cost estimate. A monocoque

design, familiar to L & F Industries, gave a structure with acceptable

natural frequencies. Virtually all components are of unprecedented

size. The study is being extended. The second study examined the
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enclosure and was also directed toward a reliable cost estimate.

The enclosure design is similar to that of the Multiple Mirror

Telescope at Mount Hopkins, Arizona—a rectangular telescope

chamber and a circular base.

Magellan benefits from interactions with the Columbus Project,

where the University of Arizona, the University of Chicago,

Ohio State University, and Italy are working toward a dual 8-

meter-mirror telescope, to be located on Mount Graham, Arizona.

The cooperation this year included the joint exploration of designs

for the optical configurations of the two telescopes. A 1.8-meter F/l

primary mirror was spun-cast by Roger Angel of the University of

Arizona and will serve as a test model for the Columbus and

Magellan 8-meter mirrors.

The site testing program at Las Campanas is under the direction

of Carnegie astronomer Eric Persson. Wind speed and direction are

now being recorded routinely, and the final seeing monitors will be

installed in their towers by the end of 1987. Four sites are being

tested.

Experiments on Condensed Gases at Ultrahigh Pressure

Materials that are ordinarily gaseous under room conditions

condense to form liquids and solids at higher pressures. Studies of

condensed gases at pressures approaching 100 gigapascals (100 GPa
= 1 megabar) are important—both intrinsically, for understanding

the behavior of matter at high pressure, and also for modeling the

early evolution of the Solar System and the interiors of Jupiter and
the other "gaseous" planets. The structures of such materials at

high pressure and the distances between atoms in the structures

are fundamental properties, as these characteristics largely control

density, elasticity, thermal and electrical conductivity, and optical

effects. Condensed gases, as crystalline solids, typically have large

compressibilities, so that a wide range of interatomic distances

can be probed by applying pressure. These materials have simple

structures, such as cubic-close-packed (ccp, or face-centered cubic,

fee), hexagonal-close-packed (hep), and body-centered cubic (bec)

(see Fig. 12).

Investigators at the Geophysical Laboratory are at the forefront

in studying structures, pressure-volume relations, and pressure-

induced phase transitions in condensed gases at high pressure. The
effort builds on work at the Laboratory in past years, including

single-crystal x-ray diffraction studies by Robert Hazen and Larry
Finger using the Laboratory's diamond-anvil pressure cell, and
powder x-ray diffraction and Raman and infrared spectroscopy at

much higher pressures by Ho-kwang Mao, Peter Bell, and colleagues.

The work this year includes the first x-ray diffraction measurements
on gases compressed in the 100-GPa range by the use of synchrotron
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Fig. 12. Types of cubic structure of condensed gases at high

pressures. At top, face-centered cubic (fee); at middle, hexagonal-

close-packed (hep); at bottom, body-centered cubic (bcc).

radiation techniques, and the first x-ray diffraction measurements
on solid hydrogen at high pressure. New theoretical modeling

techniques were employed in interpreting the structural and

pressure-volume data.

The Synchrotron Radiation Source. Investigators at the

Geophysical Laboratory and at the National Synchrotron Light

Source (Brookhaven National Laboratory, New York) have been
working to employ synchrotron-generated radiation for study of

samples under high compression in the diamond cell (Year Book 85,

pp. 75-76). The synchrotron source promises major advantages, as

its radiation is more intense and has a lower beam divergence

than radiation from conventional x-ray sources. (Because the size of

the sample inside the high-pressure diamond cell is of necessity

small (10

"

15 m3
), the intensity of scattered radiation when using

conventional x-ray sources is very low.) Geophysical Laboratory
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investigators Andrew Jephcoat, Chang-sheng Zha, Russell Hemley,

Mao, Bell, Hazen, and Finger have made repeated visits of ten

days or more to Brookhaven for this work. Participating in the

venture is D. E. Cox of Brookhaven National Laboratory.

The Geophysical Laboratory personnel designed and built the

experimental set-ups. Technical improvements were introduced

after each experimental run, and the method became increasingly

sophisticated. Much attention went into the alignment of the

sample, as it was necessary to control its position, reproducibly, to

within a few jxm. The incident x-ray beam from the synchrotron

can be collimated to a very narrow width of 10 jxm. The diffraction

is measured by the energy-dispersive scattering technique with a

solid-state Si(Li) or intrinsic Ge detector.

The gases are loaded in the diamond-anvil cell at room temperature.

Pressures within the sample chamber are measured by x-ray-

induced ruby fluorescence. (Luminescence of a ruby crystal in the

chamber is excited by the incident x-ray beam, and the light is

collected by a microscope objective coupled to a spectrometer and

then dispersed onto a photodiode array.) An early requirement was
the accurate calibration of the ruby pressure scale under the

quasihydrostatic conditions characterizing the weak gases over 100

GPa. For this purpose, Zha and colleagues compressed tungsten

metal in a solid neon medium to above 100 GPa. Inasmuch as the

Some of the Geophysical Laboratory investigators of the Synchrotron Radiation group:

from left, Russell Hemley, Ho-kwang Mao, Chang-sheng Zha, and Andrew Jephcoat.
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pressure-volume relations for tungsten were known from shock-

wave studies, it became possible to confirm that the earlier

quasihydrostatic ruby calibration to 80 GPa, by Mao and co-

workers, was also valid to the higher pressures.

Pressure-Volume Measurements in Solid Neon. Rare-gas solids

are ideal for studies of bonding because their simple close-packed

structures and high compressibilities provide a large range of

interatomic separations for testing theoretical models. The first

studies of condensed gases at high pressure were low-temperature

studies below 1.0 GPa. Later, with techniques developed at the

Geophysical Laboratory, single-crystal x-ray diffraction studies

were performed at room temperatures on argon to 8.2 GPa and on

neon to 14.4 GPa, and powder x-ray measurements were performed
to higher pressures (on argon to 80 GPa, for example) with a

conventional x-ray tube source.

During the diffraction studies on tungsten in neon medium, the

investigators noticed additional x-ray reflections in the resulting

spectra—peaks that could only be explained if they originated from
the neon medium itself—a surprising result because neon (atomic

number 10) is an intrinsically weak scatterer of x-rays, although

the occurrence could be understood if the neon assumed a preferred

orientation favoring a particular x-ray reflection. The observation

led to measurements of the equation of state (i.e., the pressure-

volume relations) of neon to above 100 GPa, so that neon thus

became the material lowest in atomic number to have been studied

by x-ray diffraction at these pressures. The observation also

suggested that scattering from single-crystal hydrogen might be

detected if improvements were made in the peak-to-background

ratio of the EDS spectra.

Shown in Figure 13 are determinations of molar volume calculated

from x-ray diffraction measurements on solid neon samples. Molar

volume is plotted as a function of pressure. Results agree well with

those of the earlier single-crystal study at low pressure, also

plotted. Also shown is a theoretical equation of state calculated by
summing over previously predicted interactions between pairs of

atoms in the solid (dashed-dotted line). The calculation agrees well

with the experimental measurements at low pressure, but it

appears to overestimate the volume (i.e., underestimate the density)

at high pressures. The deviation could reflect inadequacies in the

model or the effect of many-body forces on the compression of

solid. The latter phenomenon is supported by theoretical calculations

on a series of rare-gas solids, including recent calculations by
Hemley.

Phase Transitions in Solid Xenon. The equilibrium structure

observed for the heavy rare-gas solids over all accessible tempera-
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tures and pressures is the face-centered-cubic (fee), contrary to

predictions of models based on purely two-body interactions, which

favor the hexagonal-close-packed (hep). Only solid helium and

metastable, low-temperature condensates have crystallized in the

hep structure.

Xenon has attracted particular attention because its insulator-to-

metal transition is predicted to occur at a pressure within the range

of static experiments. The possibility of a transition from fee to hep

structure in xenon at high pressure is suggested in electronic

structure calculations on compressed helium and argon; conceivably,

this transformation sequence may be characteristic of heavy rare-

gas solids in general. Andrew Jephcoat and colleagues at the

Geophysical Laboratory carried out experiments to investigate

possible phase transitions, including structural transformations and

120
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Fig. 13. Pressure-volume data for solid neon, from recent x-ray

diffraction experiments at the Geophysical Laboratory. The new
measurements (shown as circles) are in excellent accord with

earlier data from single-crystal experiments at lower pressures,

shown as squares. The solid and the dashed lines represent the

experimentally derived equation of state for 300K and the static

(nonvibrating) lattice, respectively. The dashed-dotted line

represents results from theoretical calculations based on predicted

pairwise atomic interactions. Neon is now the element lowest in

atomic number to have been studied by x-ray diffraction above

100 GPa. The three crosses are the results of an elaborate

electronic structure calculation by J. C. Boettger of the Los

Alamos National Laboratory.
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possible metallization, in xenon through the 100-GPa range.

With increasing pressure, the fee structure of xenon gradually

transforms first to a mixed cubic-hexagonal packing, and then

to pure hexagonal. Evidence of the transition is given in Figure 14

and the accompanying legend. It was the first pressure-induced

transition to be observed in a heavy rare-gas solid, and the highest

pressure to be obtained in a diamond-anvil cell with a condensed-

gas sample.

The profile of the intermediate phase appears similar to that of

an intermediate close-packed type postulated for the trivalent rare-

earth metals, but it is also possible that the observations are

produced by a random cubic/hexagonal layered structure.

These results, although not fully interpreted theoretically,

exemplify the benefits in using an intense and finely collimated x-

ray beam. Previous x-ray diffraction measurements using conventional

x-ray sources and film exposures detected no phase change.

There is no evidence for metallization at the maximum pressure

of the experiments (137 GPa), although the molar volume obtained

at that pressure is very close to where some theories predict that

xenon should be metallic. Additional theoretical work clearly needs

to be done to explain the new data, including the intermediate

phase or phases observed and the nonmetallic properties of xenon

at the high experimental pressures attained.

H20-Ice at High Pressure. The properties of H20, including

crystal structure and pressure-volume relations, in the 100-GPa
range are needed for constraining models of the inner structure and

heterogeneity of the outer planets. Various stable phases have

been proposed, but prior to recent experiments by Hemley and
colleagues, information was limited to (1) shock-wave studies

probing fluid H2 and (2) interpolations between low-pressure

experimental data and approximate theoretical calculations.

Because H20-ice has a relatively small x-ray scattering cross

section, Hemley and colleagues employed the synchrotron to

provide an intense source of x-rays. Further, as ice can support

large pressure gradients, narrow collimation of the x-ray beam was
required to between 10 and 40 |jim width. The investigators

succeeded in measuring x-ray diffraction from H20-ice to about 128

GPa.
At slightly above 2 GPa, Hemley and colleagues observed a

diffraction pattern in ice VII consistent with previous work indicating

a crystal structure characterized by a bec oxygen lattice with

disordered protons. Within the resolution of their data, they found

that this diffraction pattern persisted to 128 GPa, a pressure 2Vz

times that in previous diffraction measurements. It thus appears

that the bec arrangement of oxygen atoms is stable over this large

range of compression, and the earlier suggestion that the structure
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Fig. 14. Results of experiments on solid xenon showing transition from the face-

centered cubic to hexagonal-closest-packed structure with increasing pressure, by
Andrew Jephcoat and colleagues at the Geophysical Laboratory. Plotted are

energy in keV (representing various angles of reflection) vs. intensity of reflected

x-rays, in "relative counts." (a) The characteristic face-centered cubic (fee) phase

observed at 10 GPa is stable to about 14 GPa, above which (111) and (200) split

into a number of closely spaced diffraction peaks, (b) The initial appearance of a

new phase is marked by a broadening of the (lll)-(200) region. The transition is

reversible when pressure is returned to the lower values; the same diffraction

pattern was observed from all points of the sample at narrow beam size, so that

the observed broadening was not caused by preferred orientation effects, (c)

Above about 75 GPa, a shift is observed in the splitting and intensities of the

closely spaced peaks, (d) At 137 GPa, the pattern is that of the hexagonal-close-

packed structure.
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of ice transforms to a different oxygen-atom packing (such as fee) at

these pressures is not supported.

The measured pressure-volume relations indicate that ice is less

compressible than indicated in recent experiments in the 30-50 GPa
range but more compressible than indicated in electron calculations

and pair-potential models. Throughout the pressure range studied,

the samples remained transparent (with no sign of band-gap closure

indicative of insulator-metal transition), as is the case for Ne, Xe,

and H2 under these conditions. This behavior can be contrasted

with that of N2 and 2 , where pressure-induced electronic excitation

at visible wavelengths is observed around 100 GPa. Spectroscopic

work is in progress on ice at ultrahigh pressures, further investigating

possible phase transitions, in particular those which involve changes

in proton position and are difficult to study by x-ray diffraction.

X-ray Diffraction of Solid Hydrogen. Geophysical Laboratory

investigators had previously shown that solid hydrogen persists in

the molecular form to at least 150 GPa. Measurements of structural

properties and pressure-volume relations of hydrogen to such

pressure has represented a great challenge in experimental physics.

Difficulties are numerous: in detecting x-ray diffraction from this

weakly scattering material, in accurately measuring volume directly

at high pressure, and in preserving a large single crystal of hydrogen

for single-crystal measurements. Although both hexagonal and

cubic structures have been proposed, until this year no direct

structural measurements had been made at high pressure to test

these propositions.

A single-crystal diamond-anvil cell recently designed by Ho-
kwang Mao appeared to have the potential for measuring x-ray

diffraction from solid hydrogen with a conventional x-ray source.

The sample was confined by a stainless steel gasket with a hole 150

IJim in diameter and 50 jim thick. The pressure in the diamond cell

was increased to 5.40 ± 0.03 GPa, a pressure just above the

300K freezing point. The first measurements were performed on an

automated four-circle diffractometer with graphite-monochromatized

molybdenum Ka radiation used in previous single-crystal studies.

After approximately 80 hours of automated searching for weak
diffraction peaks, one weak diffraction maximum was observed. A
systematic search was then conducted for other reflections needed

to confirm the structure. No cubic-type diffractions were observed,

but at 90 degrees from the first reflection, a second reflection

consistent with (100)-hcp type was found. These two hydrogen

diffraction effects defined an hep orientation matrix that led to 17

additional weak diffraction maxima.

Unit-cell dimensions were determined from the angular positions

of the five strongest reflections (a = 2.659 ± 0.002 A, c = 4.334 ±
0.003 A, and unit-cell volume = 26.55 ± 0.05 A3

). The axial ratio
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Fig. 15. Pressure-volume relations of solid

hydrogen from the recent x-ray diffraction

measurements at the Geophysical Laboratory

and at the synchrotron source at Brookhaven.

The newly measured values (circles) fall

between earlier equation-of-state determina-

tions by other methods (lines). The dashed-

dotted line is the equation of state determined

from Brillouin scattering spectroscopy by
Shimizu and co-workers at the Geophysical

Laboratory in 1981. The solid and the dashed

lines were developed by other investigators

from optical methods at low temperature.

da is 1.630 ± 0.003, consistent with the ideal value of 1.633.

Relative intensities of reflections were measured by an automated

step-scan procedure; unusually long counting times were required

to resolve the weak reflections. The hexagonal normal hydrogen
structure (w-H2)(space group Pb3/mmc, with two molecules per unit

cell) was refined using standard techniques developed by Larry W.
Finger and co-workers. The molecules were assumed to rotate

freely on the basis of Raman spectra indicating nearly pure rotational

transitions at this pressure. All H2 molecules were found to be

centered on fixed positions in the hep structure. The crystal

structure refinement indicated that one hydrogen single crystal

filled most of the sample chamber.

The experiment showed that x-ray diffraction measurements
from compressed hydrogen were indeed possible, but it was not

certain that the same experiment could be carried out at higher

pressures. The sample volume must, necessarily, be smaller, and
the hydrogen crystal would be likely to fragment under compression,

reducing the scattered intensity.

A solution was available in the higher x-ray intensities attainable
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with synchrotron radiation. With higher intensity, however,

background radiation (primarily from the diamond) increases.

Meanwhile, an improved signal-to-noise ratio was in any case

needed because hydrogen is an extremely weak scatterer of x-rays.

A new experimental technique was therefore designed, combining

single-crystal methods and the energy-dispersive scattering technique.

Also, collimation of the receiving slits was improved, enhancing the

signal-to-noise discrimination of the detector.

The single-crystal diamond cell was mounted on the synchrotron

stage, and techniques for computer control were developed to

orient the sample and search for reflections. It thus became possible

to obtain x-ray diffraction from hydrogen single crystals to 26.5

GPa, and pressure-volume relations were determined to this

pressure. (Pressures were measured inside the cell by the ruby-

fluorescence method.) At 26.5 GPa, the reflections were very weak,

barely detectable above background. Two reflections were located,

however, and were used to calculate a volume on the basis of a

hexagonal cell.

The new measurements provide the most accurate test to date on

previous estimates of the hydrogen equation of state (see Fig. 15).

At the pressure of crystallization, the measured volume (7.994

0.015 cm3 mol" 1 at 5.4 GPa) is about 2% larger than that predicted

by the equation of state determined from Brillouin scattering

spectroscopy by Shimizu and co-workers at the Geophysical

Laboratory in 1981. On the other hand, the new value is significantly

smaller than that suggested by other investigators from optical

methods. At higher pressures, the x-ray diffraction data lie between

the earlier determinations.

Eucrite Meteorites—Windows to the Early Solar System

We are . . . explicitly facing the facts that the Earth

was formed in the identical environment as that of the

sun and solar system, and that understanding the

processes of star and planet formation, and full use of

the record available from other planets, the moon, and

the meteorites is essential to understanding the initial

state and evolution of the Earth.

Proposal for grant support, 1987

George W. Wetherill

Director, DTM

The material of the present-day Earth is of limited value for

studying the very early evolution of our planet and Solar System,

as partial melting and subsequent igneous differentiation have

produced major changes (the separation of the Earth's largely iron

core from an originally homogeneous mantle, for example). Geological
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activity, particularly the activity of plate tectonics, essentially has

obliterated almost all evidence of what the Earth was like prior

to 3.8 billion years ago. A slightly older record can be found on the

Moon, where surface rocks date back to about 4.4 billion years, but

still the lunar surface is highly differentiated and far removed
from the type of material that must have accumulated directly from

the solar nebula.

On planetary objects the size of the Earth and Moon, the cause

of igneous differentiation is fairly clear. These bodies are large

enough so that heat produced in their interiors either by radioactive

decay or through collision with other planetesimals during accretion

cannot escape rapidly. On smaller objects, however, such as

asteroid-sized bodies, this internal heat can escape much more
easily, thereby reducing the possibility of internal igneous

differentiation. Thus the chondritic meteorites, which in all likelihood

originate as splinters of objects found in the asteroid belt, represent

samples of the undifferentiated Solar System.

Two other classes of meteorites, whose parent bodies also may
be in the asteroid belt, do show effects of igneous differentiation.

One class—the various iron meteorites—are interesting in that

they may represent analogs to the Earth's core, or at least to an

early stage of core formation where iron metal has separated from

surrounding silicates to form large bodies. The other class consists

of the silicate meteorites known as basaltic achondrites, or eucrites.

Eucrites are volcanic rocks similar in many ways to the abundant

basaltic rock types found on the Earth and Moon. Compared to

these basalts, however, eucrites have extremely low contents of

certain more-readily-vaporized elements, particularly Rb and Pb,

and it has thus been difficult to measure their ages using the Rb-Sr
or U-Pb radioactive decay systems. But their concentrations of the

rare earth elements and their mineralogy suggest that they are

suitable for study with the radiometric system based on the decay

of the rare earth element Sm to Nd.

When the Sm-Nd system was developed in 1974 by Gunter
Lugmair of the University of California, San Diego, the first rock

whose age was determined was the eucrite Juvinas. The age

determined for Juvinas was 4.56 billion years, in agreement with

the previously determined Rb-Sr age for this meteorite though

more precise. Several investigators, primarily at the U.S. Geological

Survey, used the Sm-Nd system to study other eucrites (including

a class suspected to be mineral cumulates that had precipitated out

of magmas similar in composition to volcanic eucrites like Juvinas).

In most cases, the ages were found to be very close to 4.56 billion

years.

Such ages—approximating the time of formation of the Solar

System—accord with the idea that rocks like the eucrites could

have been produced by the melting of small asteroidal bodies in the
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high-energy environment present during Solar System formation.

Abundant collisional energy was then available to provide heat for

melting, and there could have been a contribution of heat from the

decay of short-lived radionuclides (such as 26A1, injected into the

solar nebula shortly before the formation of the solid objects).

One cumulate eucrite, however, the Serra de Mage meteorite,

was found to give a very well denned Sm-Nd age of only 4.41

billion years. Subsequently, workers at Caltech showed that the

4.6-billion-year age previously determined for the Moama cumulate

eucrite was wrong, and its correct Sm-Nd age was 4.46 billion

years. If such ages were correct, however, it was difficult to

understand how the parent magmas of the eucrites could have

formed, as the abundant heat sources earlier present were greatly
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Fig. 16.
147Sm undergoes radioactive decay to 143Nd, with a

half-life of 106 billion years; 144Nd is a stable isotope. Plotted here

are present-day Sm-Nd isotopic measurements from the Moore

County meteorite, by Fouad Tera, Richard Carlson, and Nabil

Boctor of DTM. The co-linearity of values for whole rock

(WR) and constituent mineral separates pyroxene (Pas) and

plagioclase (PLAG) is evident. (The measurements of the mineral

separates, which differed in their initial Sm contents by

fractionation at the time of formation, provide the several

readings needed to establish the line.) If the line, or isochron, is

extended leftward to 147Sm/ 143Nd = 0, it would intercept the y-

axis at about .507, representing the 143Nd/144Nd isotopic

composition at the time of rock formation. The age of the rock,

computed from the slope of the line and the known half-life

(expressed as decay constant), is 4.457 ± 0.025 billion years.
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Fig. 17. Pb isotope diagram for samples from Moore County

(solid symbols), reflecting radioactive decay from 238U to 206Pb
and from 235U to 207Pb, from measurements by the DTM group.

The plotted line intercepts the y-axis at a point which, when
entered into the appropriate calculations, yields an age of 4.55

billion years. In the opposite direction, however, the line fails to

go through the four-pointed star representing primordial Pb at

Solar System formation (known from non-uranium-bearing

minerals found in certain iron meteorites). Instead the line passes

through the six-pointed star representing average modern
terrestrial Pb (i.e., that expected of terrestrial contamination).

Measurements from acid leaches from the sample (open symbols)

plot close to the contaminant, and measurements from residual

samples after leaching define the line leftward. The line thus

looks suspiciously like a mixing line between contaminating

terrestrial Pb and the indigenous Pb in Moore County rather than

a true indicator of age.

diminished by 4.41 billion years ago. Accordingly, investigators

Fouad Tera, Richard Carlson, and Nabil Boctor of DTM have

begun a collaborative project to refine the age of the eucrites

through combined study of the petrography and multi-element

isotopic systematics (U-Th-Pb, Rb-Sr, and Sm-Nd) of both cumulate

and noncumulate eucrites.

The first of the cumulate eucrites studied by the Carnegie

investigators, the Moore County meteorite, was found to have Sm-
Nd systematics almost identical to those determined by the Caltech

group for Moama. Tera, Carlson, and Boctor determined the Sm-
Nd age of Moore County to be 4.457 ± 0.025 billion years, and the

initial Nd isotopic composition was found to be identical to the

average found for chondritic meteorites (see Fig. 16). The result
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appeared to be in accord with the recent values obtained for Serra

de Mage and Moama.
Because of apparent contamination from terrestrial Pb, results

from the U-Pb study of Moore County rock are less clearcut. The
Pb isotopic measurements (see Fig. 17) yield a linear array, normally

an indication of the age of the meteorite. The line intercepts the

y-axis at a point indicating an age of 4.55 billion years. The line,

however, plots closely to the isotopic composition expected for

contaminating terrestrial Pb, and, extended, fails to intercept the

value for primordial Pb at the time of Solar System formation. As a

result, interpretation of results is seriously clouded. Could the

"isochron" be simply a mixing line between indigenous and
contaminating Pb?

Terrestrial Pb contamination, however, is not the only possible

explanation for the discrepancy between the 4.55-billion-year age

indicated in the Pb data and the Sm-Nd age determination of 4.457

billion years. Perhaps the 4.55-billion-year Pb result is only a

"memory" in the U-Pb systematics of a time when the volatile-

element-depleted (i.e., high U/Pb) parent body of the eucrites was
separated from the volatile-rich (low U/Pb) solar nebula. In this

picture, a later melting event, of unknown cause, on this parent

body was then responsible for producing the magma from which

Moore County crystallized.

Still another possibility is that the 4.55-billion-year Pb age is the

true crystallization age of Moore County. In this case, the younger

Sm-Nd age would probably represent the time when the rock

cooled below the temperature (800-900°C) where Sm and Nd
readily diffuse back and forth between the constituent minerals of

the rock, continually resetting the Sm-Nd radiometric clock.

Starting from a magmatic temperature of 1200-1300°C, the implied

cooling rate of 4°C per million years suggests that Moore County
was buried to at least 100-km depth inside the parent body if

cooling occurred simply by conduction. This, in turn, implies a

parent body at least several hundred kilometers in diameter,

possibly larger than any of the surviving asteroids.

The DTM group is conducting additional experiments on other

eucrites to confirm the relatively young Sm-Nd ages of the cumulate

eucrites and to try to resolve the discrepancy between the Sm-
Nd and U-Pb age data. Their results should provide a better

understanding of the processes causing igneous differentiation

during early Solar System history and the evolution of the asteroidal

sources of the differentiated meteorites.

RIMS Mass Spectrometry of the Re-Os System

In thermal-ionization mass spectrometry, conventionally employed

at DTM, the sample to be investigated is ionized on a hot filament



The resonance ionization technique used with mass spectroscopy

(RIMS) has been recently applied for use with the Re-Os isotope

system. Shown here, DTM investigators Louis Brown (at left)

and Richard Walker (seated), with John Travis of the National

Bureau of Standards, at the control panel of the Fassett-Walker
RIMS instrument at the National Bureau of Standards,

Gaithersburg, Maryland. DTM scientists have established design

features for an RIMS instrument to be built at DTM.

of Re or Ta; the resulting ionized beam is then passed through a

magnetic field, which deflects the ions differentially and separates

the different isotopes according to their masses. It is thus possible

to measure the relative proportions of each isotope in a sample.

However, certain elements—various refractory elements like Re
and Os, for example—are ionized inefficiently or not at all by
thermal methods. They can, however, be efficiently and selectively

ionized when subjected to resonance excitation by laser light of an

appropriate wavelength.

The resonance ionization technique combined with mass spectro-

metry is known as RIMS. Six years ago, the National Bureau of

Standards (Gaithersburg, Maryland) embarked on a program to

explore RIMS as a means of studying elements difficult to measure
by conventional techniques and also to avoid extreme procedures

for sample purification like those needed in conventional mass
spectrometry.

In an important advance this year, DTM research associate

Richard J. Walker, working with J. D. Fassett and others at the

Center for Analytical Chemistry, National Bureau of Standards,

succeeded in developing the RIMS instrument for use with the Re-

Os isotope system.

The RIMS instrument employs a conventional magnetic-sector

mass spectrometer equipped with an electron multiplier and a
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pulsed (10 Hz) Nd-YAG tunable dye laser. The sample chamber of

the mass spectrometer has been modified with windows to allow

access for the laser beam, and electronics have been designed for

measuring the pulsed signal. In the sample chamber, ground-state

atoms produced by the heat of a filament are excited by the first

photon to a state approximately halfway to the ionization potential

of the sample element, and then ionized by a second photon of the

same wavelength. Isotopic ratios are then measured by conven-

tional magnetic switching of the peaks.

The Re-Os system is yet poorly understood, but it appears likely

to be useful to earth scientists in many ways. The radioisotope
187Re decays to 1870s with a half-life about ten times the age of the

Earth. The process has caused a general change in the 1870s/1860s
of the Earth's mantle, from about 0.8 when the Earth formed about

4.55 billion years ago to 1.04 at present. Because of differing

compatibility with mantle assemblages during melting, the Re/Os of

the continental crust should have increased significantly during the

melting accompanying the crust's formation and thus could be

used in tracing crustal evolution through time. The Re-Os system

could also be applied in studying extraterrestrial material, in

understanding the formation of metallic cores in planetary bodies,

or in various geochronological applications, especially on ultramafic

rocks.

For such studies, nanogram quantities of Re and Os first must be

efficiently separated from 1-5 grams of rock. For this purpose,

Walker has developed a low-contaminant chemical purification

process. Volatile Os tetroxide is distilled from a solution containing

the dissolved rock; Re is then removed from the solution using a

solvent extraction technique.

In the first application of RIMS Re-Os measurements to a

geological problem, Walker and colleagues dated a sequence of

Archean high-temperature ultramafic lava flows known as komatiites.

These rocks are believed to have been derived from partial melting

in the mantle, and are of interest in reflecting the chemistry of the

upper mantle. A cross section of a typical komatiite flow, from the

Pyke Hill locality in the Abitibi greenstone belt of the Superior

Province, is shown in Figure 18. The samples are thought to

represent liquids because they come from zones of unoriented

skeletal olivine crystals, known as random spinifex zones. The
investigators conducted the study with several goals: to demonstrate

the feasibility of RIMS for Re-Os isotope work, to show the

utility of the Re-Os system in Archean geochronology, to obtain
i87Q

s
/i86Q

s for^ Superior Province mantle at 2.7 billion years,

and to understand the crystal-liquid partitioning behavior of Re
and Os.

Walker and DTM staff member Steven Shirey obtained Re-Os,

Sm-Nd, and Rb-Sr isotope data on eight komatiite flows. (The Sm-
Nd and Rb-Sr data, whose systems are well understood, were
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Fig. 18. Schematic cross section of a 2-3-m-thick komatiite

showing upper random spinfex zone and cumulate regions. DTM
geochemists are studying such flows as a first application of the

resonance ionization technique combined with mass spectrometry

(RIMS). (Drawing, courtesy of 0. Stecher.)

obtained for comparison of the Re-Os results.) These flows form a

series of closely related melts, which are probably from the same
mantle source and differ only in degrees of melting. Plotted, the

Re-Os data fall in a straight line, or isochron, revealing an initial

i870s/i860s f o.873 ± 0.035 and an age of 2.726 ± 0.093 billion

years (see Fig. 19). The age agrees well with Pb-Pb whole-rock

published ages of 2.72 billion years for the same flows. The initial

ratio indicates that the Re/Os of the komatiite mantle sources at

the time of melting, 2.7 billion years ago, had been long indistin-

guishable from the Re/Os found in chondritic meteorites. This

result contrasts with those of Sm-Nd studies, where the Sm/Nd
was higher in the komatiites than in chondritic meteorites.

The flows display a remarkable range in 187Re/1860s, contrasted to

a narrow 147Sm/144Nd range, thereby demonstrating that the Re-Os
system should be useful for dating ultramafic rocks. Moreover the

Re-Os system resisted a recrystallization event which reset the Rb-
Sr data—probably uplift related to the billion-year-old Grenville

orogeny—and should therefore be valuable in studying older

(Archean) rocks.

Although the processes controlling the abundance of Re and Os
in the komatiites are not yet well understood, it is evident that

lower portions of the flows enriched in cumulate olivine have
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Fig. 19. Re and Os isotopic measurements from several

komatiite samples at Pyke Hill, Superior Province. The plots fall

in a straight line, or isochron, indicating common origin. The y-

axis intercept indicates an initial
1870s/1860s of 0.873 ± 0.035, and

the slope of the line (combined with the half-life of the 187Re-
1870s decay) yields age of 2.726 ±0.093 billion years. The samples
lowest in 187Re/1860s are from the cumulate zone; all others are

from random spinifex zones of different flows. Sm-Nd and Rb-Sr
isochron plots of Pyke Hill komatiites are less useful, as the

range in Sm-Nd measurements is very restricted and the Rb-Sr
system was reset by a metamorphic event one billion years ago.

systematically lower Re/Os than the upper portions. The Re
abundance in samples varies inversely with MgO, Ni, and Cr,

suggesting that Re is controlled by some process involving

fractionation of the olivine and pyroxene phases. Os does not

similarly vary and thus was not controlled by olivine and pyroxene

crystallization during extrusion of the komatiites, as has been
previously suggested; instead, trace metallic or sulfide phases may
have played the major role.

At present, fewer than five laboratories worldwide are successfully

using Os isotopes in geological studies. Of these, only the Bureau of

Standards, with Walker's support, is pioneering in laser RIMS.
The technique is beginning to set a standard in Os isotope work for

high sensitivity, elemental selectivity, and precision. Indeed,

because Re and Os behave in a unique way, there is great excitement

that completely new insights into the solid Earth and planets may
emerge. Present work is limited to samples relatively rich in Re
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and Os. Future applications thus may depend on new experiments,

including several planned at DTM, to improve mass spectrometry

and techniques of chemical separation.

The success of the Fassett-Walker instrument at the National

Bureau of Standards has stimulated interest at DTM in building a

similar RIMS machine incorporating several improvements. Since

construction requires a detailed understanding of the techniques of

lasers and resonance ionization, DTM's Louis Brown has been

working part-time with scientists at the Bureau of Standards in

experiments examining some of the fundamentals of the method.

Brown, Richard Carlson, and Steven Shirey, all of DTM, have

established design features for the DTM instrument, and construction

has begun.

Origin and Structure of Continental Cratons

Central in the development of modern theory of plate tectonics

and continental drift has been the dynamics of ocean basins—i.e.,

the extrusion of basalts at the mid-ocean ridges and the spreading

of the seafloors. Events in the ocean are only a part of the story,

however, and the formation of cratons in Archean times and the

subsequent growth of continents about them is a poorly understood,

complementary part.

Cratons have roots extending to depths of approximately 200 km.
Important insights into the composition, structure, and origin of

these blocks can be obtained through mineralogic and chemical

investigations of rock fragments in magmas that have erupted from

great depths and been rapidly transported to the surface. Study of

these "xenoliths" has shown that the garnet peridotites which form
the principal part of the cratons differ in a significant way from
the residues formed at the ocean centers by extraction of basalt

from asthenosphere: the craton materials are more magnesian and

richer in enstatite. These compositional differences are not to be

interpreted simply as differences in the amounts of certain elements

removed during production of basalts. Instead, the oceanic and
craton peridotites appear to be residues of different kinds of

magmatism. It remains a challenge to discover what igneous and

tectonic processes led to the formation of the cratons over three

billion years ago.

Francis R. Boyd at the Geophysical Laboratory has developed a

structural and chemical model for the Kaapvaal craton beneath

southern Africa, a model very different from the generally understood

plate-tectonic model of the oceanic mantle. Boyd's analyses are

strongly based on his geochemical studies of South African xenoliths

over many years. His model, sketched in Figure 20, is described in

the figure legend and in the text that follows.

The lithosphere has a thickness of about 200 km within the
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Kaapvaal craton, shelving to 140 km beneath bordering younger
mobile belts and to less than 100 km beneath the ocean basins. The
craton is layered: spinel peridotites form a zone from the crust

downward to a depth of approximately 60 km, low-temperature

garnet peridotites occupy intermediate depths, and a low-Ca garnet

harzburgite predominates in the root zone. High-temperature

peridotites prevail beneath the lithosphere-asthenosphere boundary
under the craton. The boundary is both a chemical and mechanical

transition, but it is not a transition from depleted rocks (depleted in

elements found in basalt, such as calcium, aluminum, and iron) to

underlying, undepleted peridotite. Boyd believes that the transition

to undepleted asthenosphere is deeper, in a region beneath the

sources of xenoliths so far discovered.

The garnet and spinel peridotites forming the sub-crustal

lithosphere in the Kaapvaal and other cratons might, in principle,

SOUTHERN AFRICA

NW

Atlantic

SE

F/W FS NL EG

iftk

200 400 km

Fig. 20. Model for the lithosphere beneath southern Africa

based on geothermobarometry for xenolith suites by Francis R.

Boyd of the Geophysical Laboratory. Vertical bars represent

xenolith suites, with solid segments for low-temperature

peridotites and horizontally barred intervals for peridotites with

equilibration temperatures above 1100°C; these may be viewed as

incomplete drill cores. The line A-A' is believed to represent the

lithosphere-asthenosphere boundary at the base of the Kaapvaal

craton and is drawn as the breaks between points for high- and

low-temperature xenoliths. The root zone just above (stippled) is

believed to consist in considerable part of low-Ca garnet harzbur-

gite. Note that ratio of depth scale to horizontal scale is 4:1;

topography above sea level is more greatly exaggerated. L,

Louwrencia; F/W, Finsch and West End; FS, Frank Smith; NL,
Northern Lesotho; EG, East Griqualand. The line bracketed by G
and D indicates the graphite-diamond transition.
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Fig. 21. In their Mg and olivine compositions, high-temperature

peridotites beneath the Kaapvaal craton are similar to oceanic

lithosphere, while low-temperature Kaapvaal peridotites are more
magnesian and less olivine-rich. Shown here, plots of molar Mg/
(Mg + Fe) against modal abundance for olivines in (A) oceanic

peridotites, (B) low-temperature Kaapvaal peridotites, and

(C) high-temperature peridotites from beneath the Kaapvaal. The
arrows in (A) designate the "oceanic trend," starting with

undepleted material and progressing through residual material

increasingly depleted by forming magma. The arrows and the

dashed line representing 91.5 are superposed on plots (B) and (C)

to show the similarity of the high-temperature (and the dissimilarity

of the low-temperature) peridotite values to the oceanic trend.

Circles are from individual rocks, triangles are average values

for rock suites, squares are hypothetical values. Points in (B) and

(C) are for large (>500-g) analytical samples of Kaapvaal

peridotites. 71)+ and 716, harzburgites from the Papua ultramafic

belt; DS and DR, hypothetical source and residue for MORB
model D; JSP, average for harzburgites in the Josephine

peridotite; ABS, average for abyssal peridotites; MP, MORB
pyrolite; 1611, garnet lherzolite from Lesotho.

either be residues of the formation and extraction of magma or be

the products of the crystallization of ultramafic magma. Boyd
interprets them to be residues, mainly because the craton peridotites

are rich in Mg, having values of Mg/(Mg + Fe) predominantly in

the range 0.92-0.94. (Because iron is fractionated into melts

preferentially to magnesium during the melting of peridotite in the

upper mantle, peridotites containing olivine more magnesian than
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values appropriate to primary, undepleted peridotite, i.e., Mg/(Mg
+ Fe) = 0.88-0.90, are thus likely to be residues.)

The extraction of basalt from peridotite at oceanic centers yields

residues that are enriched in the amount of olivine as well as in

magnesium. These residues commonly contain 75% olivine, with

Mg/(Mg + Fe) near 0.91. A plot for probable source compositions

and observed residues (Fig. 21A) reveals a trend which can be

termed the "oceanic trend," starting with the theoretically derived

source compositions and progressing through residual rocks

increasingly depleted.

Comparison of this trend with compositions of low-temperature

and high-temperature Kaapvaal peridotites shows that the high-

temperature peridotites beneath the Kaapvaal root plot close to the

oceanic trend (drawn as large arrows), whereas the low-temperature

peridotites within the craton deviate widely. (See Figs. 21C and

21B.) In line with the differences in composition, the low-temperature

peridotites commonly contain 20-40% enstatite, while the high-

temperature peridotites contain 5-20%.

Boyd notes that the similarity in composition between the high-

temperature peridotites from beneath the Kaapvaal and oceanic

residua suggests a consanguinity of origin. Possibly the high-

temperature peridotites are remnants of oceanic lithosphere

subducted beneath the Kaapvaal craton and transformed by heating

to rocks having the mechanical properties of asthenosphere, he

concludes. This possibility is supported by the fact that Kaapvaal

eclogites have a range in 8 18 similar to the range found for oceanic

basalts altered by interaction with seawater.

What then is the origin of the low-temperature peridotites that

form the principal part of the Kaapvaal craton? These rocks are

less dense than basaltic residua or undepleted peridotites, and it

may be their relative buoyancy that explains their aggregation into

cratons and subsequent preservation from subduction. Possibly

they originated as residues of melting events that occurred much
deeper than the depths where oceanic lithosphere has formed.

(Experimental data show an effect of pressure on the forsterite-

enstatite liquidus boundary in the direction consistent with such a

process; there are not sufficient data at high pressures, however, to

assess this point.) Another possibility is that the peridotites forming

the cratons originated in primordial events associated with the

Earth's accretion from planetesimals and the formation of the core.

Laboratory Studies of the Earth's Seismic Properties

The upper regions of the Earth encompass a rigid lithosphere

carrying the continents and the ocean floor, and a weaker region

beneath, the asthenosphere. Seismological data have shown that

the lithosphere has somewhat higher seismic wave velocities and
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substantially higher values of Q than does the aesthenosphere.* It

is widely assumed that these differences are caused by the higher

temperatures in the aesthenosphere, particularly in relation to

melting temperatures.
Measurements under controlled laboratory conditions offer a

means of exploring relations among such properties; such investiga-

tions could lead to the use of observed seismic data as indicators of

actual temperatures, degrees of melting, and volatile compositions

in different earth regions. DTM staff member Selwyn Sacks,

postdoctoral fellow Hiroki Sato, and visiting investigator Tsutomu
Murase, working with equipment at the Geophysical Laboratory

and with help from Hatten S. Yoder, Jr., and Gregory Muncill,

recently reported on the first such experiments at temperatures

and pressures sufficiently high to allow reasonable extrapolations to

asthenospheric conditions.

The experiments entailed use of a technique, developed by the

DTM and Geophysical Laboratory investigators, to determine

attenuation of compressional waves in rocks at high temperature

using a gas-media, high-pressure apparatus of the Yoder type. A
few cycles of sinusoidal oscillation (10-20 |jisec long) or step function

bursts generated by function and pulse generators are used as

input signals. Signal frequencies of from 50 kHz to 3 MHz are

applied to a compressional lithium niobate transducer. Received

signals are amplified, filtered (to reduce 60-Hz noise from the

furnace), and recorded onto video tapes for spectral analysis to

determine the attenuation.

The rock sample used was a peridotite (spinel lherzolite) consisting

of olivine, orthopyroxene, clinopyroxene, and a small amount of

spinel, obtained in British Columbia. The sample was dried and
ground to a grain size of 100-500 |xm. Both sample and buffer rods

of mullite were packed into a platinum tube in order to apply static

pressure to the sample.

The furnace consisted of platinum windings around a mullite

tube. The system produced a very small temperature gradient

within 1 cm from the center of the furnace (±2.5°C at 1300°C and
0.2 GPa). Temperatures were determined by Pt thermocouple

located at the center of the sample. Measurements spanned the

range 650-1280°C over a pressure margin of 0.2-0.73 GPa, equivalent

to depths of about 25 km in the Earth.

The amplitude of the transmitted seismic waves depends on the

frequency characteristic of the transducer, the geometry and wave
reflection within the sample assembly, and other extrinsic factors.

* Q is the anelasticity constant, which expresses numerically a

region's attenuation properties. Q values are low where the

material absorbs higher-frequency seismic waves to a large

degree.
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Fig. 22. Results of experiments by Selwyn Sacks and Hiroki

Sato of DTM, studying the seismic attenuation properties of a

sample representative of upper mantle material. Attenuation

increases (Qp decreases) as temperatures increase; the rate of

change is substantial below the solidus (i.e., the onset of melting:

1145°, 1180°, and 1200°C at 0.20, 0.48, and 0.73 GPa, respectively).

Qp
increases systematically with increasing pressure at all

temperatures shown.

To separate the intrinsic attenuation of the sample from extrinsic

effects, the investigators took the ratio of measurements at high

temperature to those at low temperature. To improve the signal-to-

noise ratio, many spectra were averaged. It was then possible to

determine the attenuation characteristics of the sample as a function

of temperature and pressure.

Plotted against temperature in Figure 22 is Qp
—the attenuation

of seismic p waves (compressive, longitudinal elastic waves).

Attenuation increases (Qp decreases) substantially at temperatures

well below the onset of melting, or solidus, and is continuous across

the solidus, indicating that the melting process itself is not dominant

in controlling the mechanical characteristics of the upper mantle.

Normalizing the above temperature-dependence data to melting

temperature yields a single trend, indicating a dominant relation-

ship between the melting temperature and the anelastic properties

of the sample (see Fig. 23).

Systematic increase in Qp
with increasing pressure was observed

over the entire temperature range. This pressure dependence of Qp

is entirely accounted for by the pressure dependence of the melting

temperature. Thus, Sacks and Sato note, extrapolations to higher
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Fig. 23. Qp/Qpm (Qp normalized by Qpm , the value of Qp
at the

melting temperature Tm) as a function of normalized temperature

TITm , from the Sacks-Sato experiments. The data at three

different pressures coincide, indicating a strong relationship

between the anelastic properties of the sample and the melting

temperature. The investigators note that such relations, determined

in the laboratory, point toward the use of observed seismic data

as indicators of temperatures, degrees of melting, and volatile

compositions in earth regions.

pressures can be made with some confidence, requiring only

knowledge of the solidus as a function of pressure.

Sacks and Sato note also that if solidus temperatures are known
(a relatively easy measurement), then seismological determinations

of Q in the upper mantle will permit estimates of the temperature

and the degree of partial melt.

They also concluded that the seismic wave attentuation is due to

a loss of seismic energy at mechanically weak structures in the

peridotite. Grain boundaries, where partial melting occurs at

above-solidus temperature, are weaker than the crystal grains.

Recent measurements of creep revealed a similar dependence on

the ratio of the temperature of the solidus. Thus all three properties,

Q, creep, and viscosity (which probably varies with Q) may be

expected to track with one another, at least in the upper mantle, as

all three have a common controlling mechanism.

Sacks and Sato applied their experimental data in comparisons

with seismic Q data determined in various regions of the upper
mantle, seeking insights into the thermal structure of the astheno-

sphere. (The results from the laboratory were calibrated to
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Fig. 24. Thermal structure across the midocean ridge, as

inferred from the experimental data of Sacks and Sato and from

determinations of shear-wave attenuation (Qs ) under the

Iceland Plateau by former DTM postdoctoral fellow Winston

Chan and Sacks. The temperature and melting characteristics of

the asthenosphere are derived from comparisons of the two data.

The temperature difference of 170°C is more reliable than the

absolute values of temperature which require assumptions as to

the frequency dependence of Q. The results contradict the

common concept that all the asthenosphere is a region of partial

melt.

frequencies used for studies in the Earth.)

Of particular interest are the midocean ridges, where oceanic

plates spread apart and new seafloor is created. Former DTM
postdoctoral fellow Winston Chan, now at Teledyne-Geotech, and

Sacks determined a Q structure in the upper mantle under the

Iceland Plateau, located on the Mid-Atlantic Ridge system.

Extrapolating the laboratory Q data for comparison with the

Iceland Q structure indicated that even the lowest estimate of

temperature expressed as a ratio with melting temperature, TITm ,

is above unity. Thus extensive partial melting must characterize

the asthenosphere in the vicinity of the Ridge. Figure 24 shows the

inferred thermal structure under the Iceland Plateau. It appears

that the spreading process causes asthenosphere material to ascend

from greater depths where it was at higher temperature. Pressure-

release melting thus occurs.
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Also of great interest are island arc regions, where seafloor is

subducted beneath oceanic or continental lithosphere and recycled

into the mantle. The thermal state of the material between the

sinking material and that at the surface should be known in order

to understand the magma generation associated with the volcanism

characteristic of such regions. Comparison of the Sacks-Sato

experimental data with previously known Q values for the Japan
Arc region reveal that TITm is below unity, indicating an absence of

general partial melting in the asthenospheric depths examined. But
since the region's volcanism verifies the presence of melt, Sacks

and Sato conclude that the addition of water or other volatiles has

reduced the solidus Tm. Although the seismic analysis is inadequately

resolved to show the magma generation sites, Sacks and Sato note

that the sediment layer atop the subducting material could be the

source of volatiles. The presence of 10Be in arc magmas argues

strongly that the sediments participate in magma generation. Sacks

and Sato suggest that the asthenosphere in the region, maintained

by the subduction flow, is not far below the solidus temperature,

and that a relatively small amount of volatiles triggers melting.

Thus, whereas pressure-release melting takes place at spreading

midocean ridges, melt due to fluxing with water or other volatiles

may occur in island arcs.

The Great 1960 Chilean Earthquake

On May 22, 1960, a 900-km section of the Nazca plate along the

Peru-Chile trench in south-central Chile moved abruptly beneath

the South American plate. The event produced the largest earthquake

ever recorded and an ensuing tsunami, which together caused vast

damage and killed over 2,000 people in Chile, Hawaii, the Philippines,

and Japan. An unusual foreshock sequence began 33 hours before

the main shock with an earthquake about a hundred times smaller

but having a moment (a basic measure of earthquake size) comparable

to that of the largest earthquakes of the past 20 years. This very

large foreshock was itself part of the unusual nature of the 1960

sequence.

At the present convergence rate of 8.4 cm per year (relative

motion of the plates), it takes about 300 years to accumulate 20

meters of slip—the average displacement during the 1960 event.

Indeed, there is no record of an earthquake this large in the region

since the 1500's, the earliest dates in the Japanese register of

tsunamis caused by earthquakes in South America. Thus the repeat

time (interval of recurrence) of a similar earthquake in the region

is probably about 500-1000 years. Moreover, earthquakes this size

can occur in few other places, because there are few other plate

margins where 900-km sections of the subducting plate are

undisturbed by large transverse tectonic structures, which appear
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to limit the extent of earthquake ruptures. The great 1964 Alaskan
earthquake is the single other recorded event of comparable

rupture length.

Early studies suggested that the 1960 Chilean earthquake

differed in several other, fundamental ways from smaller, more-
frequent earthquakes. The main event, it was initially proposed,

had been preceded by a large, slow precursor about 15 minutes

before, which ruptured a segment of the slab interface at a depth

below the area ruptured during the main shock. The basis for this

hypothesis was an unusual signal on the Pasadena strain seismogram

and the presence of spectral holes in the free oscillation spectra of

the Pasadena Press-Ewing seismograph and UCLA gravimeter.

This interpretation remained speculative, however, because the

spectral amplitude data alone could not distinguish between a

precursor and an event occurring 15 minutes after the main event.

It was considered doubtful whether other data of sufficient quality

could be used to confirm the unusual occurrences, and no further

research on the matter took place.

Recognizing the potential significance of determining the nature

of the great 1960 Chilean earthquake, Ines Cifuentes (a predoctoral

fellow at DTM from Columbia University) and staff member Paul

Silver decided to attempt to characterize the low-frequency nature

of the earthquake and to examine in detail the evidence for a

complex rupture process. The investigators recognized the possible

pitfalls, the most serious of which was the limited availability of

data.

Cifuentes and Silver digitized eight vertical-component, long-

period seismograms recorded at the International Geophysical Year

Pasadena and Berkeley stations, and determined the complex

amplitude responses of these instruments in the normal mode band

of 0.8-5 mHz, where the Earth's fundamental spheroidal modes are

well excited. Working with the 1960 observational data from these

stations, they then initiated a sequence of least-squares inversions

to determine the total moment, rupture velocity, spatial slip

distribution, and time history of the earthquake process. The basic

measurement set was composed of some 300 complex amplitude

integrals, one for each multiplet at the eight stations.

Their initial analysis was in the context of "normal" seismic

events, varying certain parameters and assuming a single constant

slip line source propagating at constant rupture velocity, a case

leaving aside the possibility of multiple events. The model most

successfully matching the data had a constant rupture velocity of

3.5 km/sec, an initiation time 50 seconds after the short-period

origin, and a total moment of 2.7 x 1023 Newton-meters. This

model matched the amplitude spectral roll-off and the phase in the

0.8-5 mHz band, indicating that the temporal centroid was about

130 seconds after the initiation time. However, a distinct scalloped

pattern in the amplitude spectra at four stations was not matched,
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nor were spectral amplitude holes at about 1.8 and 3.0 mHz.
To rule out the possibility that the deviations were caused by

their assumption of a spherically symmetric Earth, the investigators

examined the central Chilean earthquake of March 3, 1985, where
the effects of earth structure should be the same as in the 1960

case. The scalloped pattern and the amplitude holes were not seen,

however, and it became clear that their occurrence in 1960 was
evidence of the greater low-frequency source complexity of the

1960 Chilean earthquake.

Could the source complexity be simply the result of interference

caused by linear segments of the fault radiating at different times?

The investigators developed inversions which allowed for variable

slip along the fault and for a finite duration of slip at each point,

obtaining best-fitting models which had more-or-less constant slip

and instantaneous rise time. They were nevertheless unable to

fit the characteristic amplitude patterns with such models.

They were finally forced to abandon their assumption of "normalcy"

and examine the possibility of multiple source events, using a

systematic least-squares inversion procedure to determine the

initiation times and total moment of multiple constant-slip, constant-

rupture-velocity events. The procedure began by fixing the initiation

time of the first line source, as determined from the single line

source inversion, described above, and performing an inversion for

a second line source. Inversions are successively performed for a

third, a fourth, and up to a ninth line source. At each step, the

previously determined line sources are fixed, and the initiation

times of the additional line source and the total moments of all the

sources are determined. Applying statistical tests, the investigators

determined that the best multiple-line source model consists of

three line sources at 1150, 1000, and 850 seconds before the main
shock, the main shock itself, and a single line source 350 seconds

after the main shock. The first three line sources indicate a precursor

with a finite rise time of about 300 seconds beginning 1150 seconds

before the main shock. The total moment of the source process is

4.9 x 1023 N-m, where the precursor, main shock, and afterslip

events have total moments of 2.0 x 1023 , 2.1 x 1023 , and 0.8

x 1023 N-m, respectively.

In characterizing the events at low frequency, Cifuentes and
Silver have confirmed the existence of the precursor proposed

nearly 15 years ago, and have identified a third event about 350

seconds after the main event. The rupture process began with

large-scale deformation about 15 minutes before the main shock.

The large slip implied by the total moment of the precursor probably

did not occur over the same area ruptured during the main shock

because the observed vertical uplift along the coastline is accounted

for by the slip associated with the main shock. It is more plausible

that this deformation occurred at depth, below the region that

slipped during the main shock, as argued by other investigators.
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The precursor events seen in 1960 offer implications for short-

term earthquake prediction. Numerous historical records describe

deformations—changes in land elevation, in sea level, and in water
levels of wells and streams, for example—hours or days prior to

great earthquakes. The physical mechanisms are unknown that

would cause a strain field to change rapidly over regions sometimes
larger than the eventual rupture area; few quantitative data are

available, and until recently there have been few instruments

capable of reliably recording events having characteristic durations

longer than a few minutes. But if the type of large-scale deformation

of relatively long duration shown in the study by Cifuentes and
Silver is an integral part of the earthquake rupture process, then

an understanding of its nature could represent an important step

toward successful earthquake prediction.

Analyzing the New Superconductor at the Geophysical Laboratory

In January 1987, Professor Ching-wu Chu of the University of

Houston succeeded in synthesizing a remarkable, new material—

a

compound apparently able to conduct electricity with virtually no

resistance, and to do so at a readily attained temperature. Chu's

material was the first potentially useful superconductor—a discovery

long sought by scientists and engineers, who understood that

such a material could lead to cheap electrical transmission over

great distances, miniature computers more powerful than any now
in existence, and surely many other futuristic uses yet unconceived.

A crucial dividing-line in attaining useful superconductivity is the

boiling temperature of liquid nitrogen—77 Kelvin (-196°C).

Liquid nitrogen is cheap, easy to handle, and available in virtually

unlimited quantities. Thus a physical phenomenon that occurs

above 77K can be reproduced routinely using liquid nitrogen as

coolant. But any process occurring below that temperature is

attainable only using cumbersome and expensive liquid helium.

Prior to Chu's success, superconductivity had been seen in

several hundred materials at temperatures close to absolute zero.

All known superconductors lost their superconductivity at tempera-

tures well below the 77K liquid-nitrogen barrier. Not until the

success of K. Alex Muller and J. Georg Bednorz in Switzerland a

few months earlier in attaining superconductivity at about 40K with

a compound of lanthanum, barium, copper, and oxygen did a

breakthrough to practical application seem possible.

The compound synthesized by Chu and his co-workers, however,

retained its superconductivity to 98K. The new material contained

three types of metal atoms: yttrium, barium, and copper—three

undistinguished elements which when mixed by the Houston
investigators formed one or more mineral-like phases, presumably
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one of which was the revolutionary superconducting compound.

Almost overnight, superconductor applications became conceivable.

Exactly how the metallic and the oxygen atoms were chemically

and physically combined in the new material remained unknown.
But if the compound's chemical composition and atomic structure

could be determined, the knowledge could be crucial to understanding

why the material was superconducting and how superconductivity

might be attained at yet higher temperatures.

Chu turned to Ho-kwang Mao, Robert Hazen, and the other

mineral physicists of Carnegie's Geophysical Laboratory. The
Houston and Carnegie groups had collaborated in the past, and the

advanced capabilities of the Geophysical Laboratory in crystallo-

graphic work were widely known. On February 20, 1987—ten days

before Chu publicly disclosed his historic discovery—the Geophysical

Laboratory scientists received a sample of Chu's material and were
asked to determine the vital data. What were the compositions

and crystal structures of the material's components?

The Geophysical Laboratory team primarily consisted of six

scientists—staff members Mao, Hazen, and Larry Finger,

postdoctoral fellows Ross Angel and Nancy Ross, and the Labora-

tory's director, Charles Prewitt. The next month became an

exhausting one for each team member, but it was a time of

exhilaration—a once-in-a-lifetime race for discovery.

The Problem. Knowing the identity of the three metallic elements

in Chu's greenish-black material was just the starting point. The
team's goal was to determine the exact ratios of yttrium, barium,

and copper and then the details of the patterns formed by atoms of

those elements and oxygen.

For the earth scientists, determining compositions and atomic

structures are routine—the very things regularly faced in studying

geological samples. Almost any rock has a variety of grains—some
clear and colorless, some black or darkly colored, some milky

white. Each kind of grain has a distinct mineral phase, where
oxygen binds together with a different combination of metallic

elements. Clear beach-sand quartz forms from silicon and oxygen;

black magnetic magnetite has iron and oxygen; white feldspar is a

complex oxide mixture of sodium, aluminum, silicon, and other

elements. Together these and other oxygen-based minerals make
up most rocks. For the Geophysical Laboratory investigators, it

was inconsequential that Chu's material had been synthesized

in Chu's laboratory and did not occur naturally in the Earth.

Their venture was, however, far from routine in another way.

Generally, laboratory analyses of geological samples are carried out

without haste, perhaps over years or even decades. But Chu
needed answers in just a few days. Because other researchers (as

Chu was quick to emphasize) were hot on the trail, urgency was
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vital. Whoever was first to solve the structure would have great

advantage toward deducing how the superconductor works and
perhaps how to alter the material to attain superconductivity at yet

higher temperatures.

The Preliminary Steps. Optical examination was a first step. A
1-mm chip was crushed in oil between two glass slides, thereby

producing myriads of minute fragments, most of them irregularly

rounded with no obvious crystal faces. The average size was no

more than 5 |im (about 0.0002 inches). By examining these particles

in a powerful transmitted-light microscope, it became evident that

much of the superconducting sample was composed of a sintered

mass of a beautiful, dark emerald-green material. So intense and

deep was the green color that fragments had to be extremely thin

for any green light to pass through. Also present in the sample

were a few larger crystals that appeared to be opaque and much
more regular in shape. These 20-30 |xm black particles were
apparently distinct from the green phase.

Ho-kwang Mao took a portion of the material to mount for

compositional studies using the electron microprobe, and Robert

Hazen prepared specimens for x-ray crystallographic analysis.

X-ray crystallography is one of the marvels of 20th-century

science. Scientists had long suspected that crystals were composed

of regularly repeating sequences of atoms, though the atoms

themselves were too small to see. They even suspected that these

regular planes of atoms were spaced only a few A apart. (There are

10,000 A in 1 |xm.) Wilhelm Roentgen's discovery of x-rays in 1895

made it possible to observe and measure these very small lengths.

X-rays, like visible light, can be recorded on photographic film.

And just as visible light is diffracted by a finely striated surface

(like a phonograph record or diffraction grating), so x-rays are

diffracted by the finely spaced planes of atoms in a crystal. The
intensity of diffracted energy varies with angle of incidence in

varying ways with different materials. Thus the key to determining

an atomic structure is to measure the intensities of x-ray diffraction

in the different angular directions. In 1912, the German scientist

Max von Laue applied the mathematical formalism used in

conventional crystallography to the phenomenon of x-ray diffraction,

and showed how to predict these diffraction directions for a given

structure. Subsequently, scientists learned to work the process

in reverse, using the diffraction pattern recorded in an experiment

to identify the structure of a sample.

Any crystal experiment requires a satisfactory crystal. Normally,

that means a fragment about 100 |xm on edge, about half the size

of a grain of table salt. But the larger, black particles from Chu's

sample averaged only about 25 |xm in diameter, visible only by
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microscope. The Geophysical Laboratory workers, after nearly an

hour's search speck by speck, found a black crystal that seemed to

be large enough to mount and fairly regular in shape. With utmost

care, the chosen crystal was isolated from the thousands of other

particles in the oil drop by means of an ultrasharp needle. Gently,

one of the investigators pushed the grain through the oil toward

the edge. Then—separated from the main oil drop—the chosen

crystal adhered to the needle's point and was transferred to a

second glass slide. After cleaning in acetone, the crystal was glued

to the tip of a slender, half-inch-long glass fiber, where it could be

exposed to the probing beam of x-rays. Later the procedure was
repeated, and the largest available green crystal—an irregular

triangular plate only 10 |xm thick—was similarly mounted for x-ray

study.

The green material was the first to be successfully analyzed. Ho-
kwang Mao determined the elements to be in an approximate 2:1:1

ratio of Y:Ba:Cu, suggesting a composition of Y2BaCu05 . Ross
Angel then spent a near-sleepless week, collecting x-ray diffraction

data and working to solve the complex structure. His elegant and

successful effort was a tour-de-force, but alas the work had all been
done before. Nancy Ross found an obscure French paper published

four years earlier which had described the same structure. For
Angel, it was small consolation that his structure corroborated and

improved upon the earlier description of the green phase.

Meanwhile, Chu's group succeeded in confirming that the black

phase was the sole superconducting compound. From then on,

efforts at the Geophysical Laboratory turned exclusively to the

second compound.

The Analysis of the Superconducting Phase. In a few days, it

became obvious to the Carnegie workers that the black phase had a

structure based on the stacking of cube-shaped arrangements of

atoms with a cube-edge repeat distance of about 4 A. This

characteristic distance, combined with the observed x-ray diffraction

intensities, clearly pointed to a common class of oxides having the

approximate chemical formula AB03 , where A and B are metal

atoms. (Because the mineral perovskite, CaTi03 , was the first such

compound to be described, materials of this group are called

perovskite-type compounds.) The Geophysical Laboratory investi-

gators were delighted at this early discovery, as they were highly

experienced in studying perovskite-type compounds—for example,

the high-pressure form of MgSi03 , a perovskite mineral that

dominates the lower mantle and accounts for perhaps half the

Earth's volume.

They soon realized that the black perovskite of the superconductor

was somewhat more complicated than a simple cube. Careful

analysis of the x-ray data showed that the repeating unit of structure



Fig. 25. The black superconducting phase

YBa2Cu3 6+a. analyzed at the Geophysical

Laboratory is intermediate between YBa2Cu3 6

and YBa2Cu3 7 .

Top right: The YBa2Cu3 6 crystal structure.

Certain Y, Ba, and Cu atoms are so-labeled.

Oxygen atoms are the smaller circles with

crosses. The open circles are additional sites

where oxygens occasionally occur. The bold lines

identify the primary Cu-0 bonds initially

suspected to participate in the superconducting

mechanisms.

Top left: Simplified drawing of the same
structure. The open circle at the center is the Y
atom; the larger circles are Ba atoms. The
corners of the pyramids are atoms. Cu atoms

occupy the centers of the pyramid bases and also

the dark circles.

Lower left: Simplified drawing of the YBa2Cu3 7

structure. The Cu atoms represented by the

dark circles in the upper drawing are here shown
at the same places as the corners of the rectan-

gular prism drawn; each is linked in 4-coordination

to four oxygens at the corners of the diamond-

like shapes drawn. It is suspected that this

feature also may be associated with the

material's superconductivity.
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was actually a stack of three cubes, together about 3.9 A square

and 11.7 A high. The task was to find the numbers and locations of

atoms within this "tetragonal" unit cell.

The microprobe data, though difficult to obtain on the small

grains, indicated that the yttrium:barium:copper compositional ratio

of the black phase was 1:2:3. Given the tripled nature of the

perovskite unit cell, and the relative atomic sizes of copper (small)

to barium and yttrium (large), the investigators tentatively

assigned the Ba and Y atoms to the large A sites and the Cu to the

B sites. The resulting formula for an ideal triple perovskite would
thus be (YBa2)Cu3 9 . The difficulty with this formula, however,

was that the total positive charge on the metal atoms ( + 3 for each

Y and + 2 for each Ba and Cu atom) was too small for the total

negative charge of - 2 on each oxygen. Because crystal structures

must have balanced electronic charge, some of the oxygens had to

be missing. The structure must be an oxygen-defective perovskite,

with approximate formula YBa2Cu3 6 .5.

After careful collections of x-ray intensity data using the

Laboratory's three automated diffractometers, and after many false

starts in pursuit of plausible, but incorrect, solutions, the Geophysical

Laboratory team on Sunday afternoon, March 8, succeeded in

determining the true structural model, one which splendidly

fulfilled all observed data. (See Fig. 25.)

Two key features distinguish the material's unique, perovskite-

type structure. First, the sequence of large cations is ordered: the

sequence . . .-(Ba-Y-Ba)-(Ba-Y-Ba)-. . . gives the superconductor

its triple-repeat unit cell. Second, some of the oxygens seen in

normal perovskite are systematically absent; most notably the

oxygens between copper atoms and adjacent to yttrium are all

missing. The result is a structure having layers of copper and

oxygen atoms in plane after plane. No other structure has this

planar arrangement, which apparently offers the key to understanding

the compound's superconductivity.

By the next afternoon, March 9, a manuscript giving the first

description of the new structure was on its way to the journal

Physical Review. The manuscript reached print as a "rapid

communication" in the issue of May 1; published with it were
similar reports submitted later the same week by groups from
IBM, Bell Laboratories, and Bell Communications Research Co.

The formal announcement of the structure was made earlier—on

March 18 at a history-making, all-night session on superconductivity

held during the annual meeting of the American Physical Society.

Because all conference rooms at the New York Hilton Hotel had
been booked for daytime sessions, a single, marathon program was
scheduled in the largest available room, a 1,200-seat ballroom. An
hour before the starting time, more than 2,000 physicists and
reporters filled the ballroom; thousands more would gather in front

of video monitors around the hotel.
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More than eighty speakers took part in the proceedings, presenting
their up-to-the-minute results on the new class of superconductors.
In his opening remarks, C. W. Chu introduced the newly discovered

structure. Soon afterward, theoretical physicist Arthur Freeman of

Northwestern University presented the first theoretical calculations

of the superconducting mechanism; his results rested on the
structural determination at the Geophysical Laboratory. Shortly
after midnight, Robert Hazen—speaking on behalf of the entire

Carnegie group—presented the detailed Carnegie results.

The month-long race was over, but the larger superconductivity

adventure, one guessed, was only beginning.

Isotope Biogeochemistry of Fossils

Some fossils of animals and plants, many groups of which have
become extinct, still contain small amounts of organic matter.

Laboratory studies of this organic material, employing new analytical

techniques, many of them developed at the Geophysical Laboratory,

are making it possible to ask questions that would have been
unthinkable a few years ago. Biogeochemists P. Edgar Hare,

Marilyn Fogel, Thomas Hoering, Thomas Stafford, and their

colleagues at the Geophysical Laboratory are obtaining new evidence

on such matters as the diets of ancient animals, the climates in

ancient times, and the geologic ages of fossils.

The best-preserved fossils are generally those of the mineralized

tissues, such as bones, teeth, and shells. Such tissues in living

organisms contain substantial amounts of organic compounds;

modern bones of vertebrates, for example, are about 20% organic

material, 80% mineral. Of the organic material in bone, protein

makes up 90%, and it is in the analysis of this fraction, preserved

in fossils over geological time, that is the focus of recent work.

The building blocks of proteins are the twenty amino acids found

widely distributed in all living organisms. Plants, through photo-

synthetic pathways, can synthesize all the amino acids necessary

for their plant proteins. Most animals can only synthesize about

half of the amino acids required for protein synthesis; the others

—

the so-called essential amino acids—must be supplied in the diet

either directly from plants or, in the case of carnivores, indirectly

by feeding on herbivores or other carnivores. In either case, plant

. photosynthesis remains the ultimate source. Various steps in the

food chain will leave characteristic chemical signatures—distinctive

isotopic compositions—in the amino acids in the animal's proteins,

which remain unaltered until recovery from the fossil.

The expressions 5 13C and 8 15N, representations of the stable

isotope ratios 13C/12C and 15N/14N, are used for tracing amino acid

pathways from diet to animal fossil. Feeding experiments carried

on by the Geophysical Laboratory investigators (in collaboration
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with A. D. Mitchell of the U.S. Department of Agriculture) have

shown that the carbon isotope pattern of the dietary amino acids

reappears with very little change in the corresponding amino acids

of the collagen in the animal's bone tissue.

There are two main photosynthetic pathways, designated C3 and

C4 , for producing carbon compounds in plants. The C4 plants,

represented by maize and sugar cane, have consistently more 13C
than do C3 plants, including wheat, oats, and barley, which form a

3-carbon molecule during photosynthesis. All known trees and most
shrubs are C3 plants; grasses include both C3 and C4 species. Thus
the bones of grazing animals feeding on grasses have distinctly

different carbon isotopic patterns than do the bones of browsing

animals feeding on twigs and leaves of shrubs and trees. Using this

approach on human bone collagen from archaeological sites in the

Mississippi Valley, investigators in South Africa in 1978 determined

that maize became a major component of the diet only a few
hundred years before Columbus. Bone collagen from earlier sites

showed nearly all C3 isotopic patterns.

An interesting new possibility is opening in using the nitrogen

isotopes. It has long been understood that although the carbon used

by an animal in synthesizing proteins is taken directly from the

amino acids in the diet, most nitrogen is obtained from a pool of

glutamic acid of nitrogen, in a process called transamination. Two
exceptions have long been recognized, however—the amino acids

threonine and lysine. Feeding experiments by the Geophysical

Laboratory group recently confirmed that threonine and lysine

nitrogen are incorporated into an animal's proteins not from the

common pool but rather with the same nitrogen atoms that threonine

and lysine had in the diet proteins. Most of the amino acids from

the animal's bone collagen showed the more positive 8 15N charac-

terizing the nitrogen pool (the urea cycle eliminating some 14N
preferentially). In the case of threonine, however, the collagen

exhibited a nitrogen ratio approximating that of the diet; but
because during digestion some of the nitrogen in the dietary

threonine entered the common pool, the nitrogen in the bone
threonine was depleted in 15N.

An unusual tool is therefore available for studying paleodiets,

since an animal's nitrogen is changed a constant amount between
the animal's dietary and its synthesized threonine. A herbivore's

8 15N in threonine would be more negative than that of its diet. The
8 15N of a carnivore feeding on a herbivore might also be several

parts per thousand more negative than that of its diet, but since its

diet was already different from that of the original photosynthetic

source, the animal would show an increased fractionation. It thus

should be possible to determine the number of links in the food

chain, since the ultimate source of threonine is photosynthesis and
at each trophic level 8 15N is decreased by an additional several
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%o. A toothed whale, for example, whose diet consists of squid,

which eat fish, which eat smaller fish, exhibited a substantial

fractionation in 15N, an amount implying five or so trophic levels

beginning with the phytoplankton, the ultimate photosynthetic

source of threonine in marine food chains.

The different isotopic systems are allowing the Geophysical

Laboratory group to address questions about disease and starvation

caused by ancient climatic conditions. Are bone proteins and other

body tissues recycled when normal food supplies are cut off, to be
further fractionated isotopically? A poorly preserved bone from a

zebra showed a nitrogen isotopic fractionation similar to a carnivore's;

this example may represent a diseased or starved animal that died

in a drought. That tooth proteins remain intact and are not recycled

in normal metabolism like bone and other proteins raises another

possibility; studying growth layers in tooth, for example, could

show when periods of stress occurred. Finally, oxygen isotopes in

the mineral phase of bone and tooth may provide clues to tempera-

ture, moisture, and other environmental conditions.

The analytical techniques developed at the Geophysical Laboratory,

some of them described in the next section, are primarily for the

determination of carbon and nitrogen isotopes in individual amino

acids. Continued improvement should make such measurements

—

and perhaps measurements with hydrogen, oxygen, and sulfur

—

routine and faster. Meanwhile, the Geophysical Laboratory

investigators wish to pass along one hard-won piece of wisdom. It

is good practice not to use up the last fragment of an important

fossil, they warn, since the future will surely bring new methods
that will bring forth new questions and require a new look at the

old bones.

Climatic and Age Data from Fossil Vertebrates. The last 1.9

million years of earth history has been a period of major continental

glaciation, worldwide climatic fluctuation, animal extinctions, and

the evolution and migration of human species. Our present climates,

landscapes, and ecosystems are legacies of this "glacial epoch," and

to comprehend the recent millenia scientists are employing pollen

analyses, stratigraphy, sedimentology, and analyses of animal and

plant fossils. To these are now being added the use of stable

isotope analysis and radiocarbon dating of fossil vertebrate remains,

which are unique repositories of climatic information. Bone protein,

predominantly collagen, is extracted and the 8 13C and 815N are

determined by mass spectrometry for use in studying diet and

climate; radiocarbon dates can then be correlated with the

paleoclimatic data.

The methods can be applied to a variety of questions. The carbon

isotopes have been used to define when maize was introduced in

ancient agriculture, for example, and the nitrogen isotopes to

indicate the percentage of marine and terrestrial food in the diet of
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Fig. 26. Plot of 5 13C against geologic age of ancient bison

collagen of the Texas Panhandle grasslands, by Thomas Stafford

of the Geophysical Laboratory and colleagues. The change in 8 13C
with age of specimen indicates that C3 plants were once more-

prominent in animal diet and that climate was therefore

cooler and more moist.

prehistoric humans. During their grazing, the ancient herbivores

(bison, for example) sampled uniformly the grasslands, which were
in species equilibrium with the climate. Because of isotopic differences

between grass types adapted to cool-moist and those of hot-dry

climates, general climatic conditions were recorded in the isotopic

signatures of the bone collagen. Ancient temperature and rainfall

can be assessed by comparison with the isotopic conditions of

various modern grasslands.

Stable and radioisotope analyses on fossil bones is easier in

theory than in practice. Only the geologically youngest fossils or

those preserved in hyper-arid caves or permafrost conditions are

sufficiently preserved for isolation of collagen by modern biochemical

techniques. Fossil bones undergo many alterations: there is

contamination by ground water and soil-borne compounds, protein

loss in bacterial decay, and loss of original structure and amino acid

composition.
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For several reasons, bone is considered the poorest of all
14C-

dateable material. The natural abundance of radioactive carbon in

bone is so low that small amounts of contaminating modern carbon

have significant effects; accuracy can be seriously affected because
it is difficult to separate chemically the contaminating exogenous
molecules.

Thus purification methods are critical. A large stride was made
when the Geophysical Laboratory group developed techniques to

isolate pure individual amino acids. This allowed greater precision

in measurement, and also permitted use of accelerator 14C mass
spectrometry, where smaller carbon samples could be used, thus

enabling the use of sophisticated purification methods.

In Figure 26, carbon ratios in ancient bison collagen of the Texas
Panhandle grasslands are plotted against geologic age, from analyses

by Stafford and colleagues. The investigators interpret the trend

toward more-negative 813C values with increasing sample age to be
evidence of a change in the type of grass species in the region.

The ultimate control of the vegetation was climate, which in the

semiarid High Plains today favors grass species, of the C4 group,

adapted to extreme heat and aridity. The C3 group, which incorporate

less 13C into their cells than do C4 plants, are adapted to cool/moist

environments. The data in Figure 26 point to an increase of 3-4°C
in average temperature and a decrease of 10-15 cm in annual

rainfall since 12,000 years ago. This result parallels paleontological

and sedimentary data. Thus the new method should be useful in

other regions.

Although long-term climatic changes can be measured, small-

scale shifts are hidden because of the data's uncertainty. Improved
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Fig. 27. Measurements of 813C and 815N after isolation of

individual amino acids from ancient bison collagen in two fossils,

300 and 5,000 years in age, respectively. Separation of the amino

acids before analysis improves precision. In each plot, the

consistent difference between the two lines indicates that

contamination is not great and gives the change in 813C or 815N
between the two eras.
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precision is possible by analyzing the individual amino acids after

their isolation from the collagen. In Figure 27 are carbon and
nitrogen values for amino acids from two fossils of different ages.

The parallel nature of the curves indicate that the amino acids are

relatively uncontaminated, and the absolute value differences in 13C
and 15N correspond to the amounts shown, with less variance, in

Figure 26 between the respective ages. The molecular heterogeneity

caused during burial of the bone has apparently been eliminated.

The introduction in the past ten years of accelerator mass
spectrometry for radiocarbon dating has made it possible to analyze

very small samples. Previously, up to a gram of carbon was needed
for conventional 14C dating using the beta-decay method; now, use

of a tandem accelerator-mass spectrometer for direct counting of

the 14C ~ ions allows the dating of milligram amounts of carbon. By
working with small amounts of highly purified molecules, sample

contamination is largely eliminated.

Stafford and colleagues are working to date fossils with even
lower amounts of protein—those with less than 0. 1% of their

original collagen content. For this purpose, milligram amounts of

single amino acids are isolated using cation exchange resins in

liquid chromatography.

In current radiocarbon dating experiments, Stafford is working
with an 11,000-year-old mammoth in order to evaluate the feasibility

of dating fossils having low amounts of organic carbon. Stafford is

dating human skeletons from California and Mexico City to test the

fossils' purported ages of 10,000-12,000 years; if his results can be
verified with accurate, stratigraphically dated ages, the technique

will be applied to studying the Neanderthal to Cro-Magnon
transition—i.e., whether or not the two peoples were contempora-

neous or if Cro-Magnon was an evolutionary descendant of

Neanderthal.

Professional Activities

The outside professional activities of Carnegie scientists carried

many of them this year to points far afield their normal workplaces.

Though usually such foreign excursions—to attend conferences and
seminars—last no longer than a week or two, occasionally a

scientist will be asked to stay longer at a university or research

institution, as a visiting professor or visiting investigator. Last
year, Plant Biology's Winslow Briggs and Geophysical Laboratory's

John Frantz each spent a year of study in Germany and France,
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respectively. This year, two other Carnegie staff members spent

the majority of their time abroad. Alan Linde, of the Department
of Terrestrial Magnetism, spent most of the year at the Observation

Center for Prediction of Earthquakes and Volcanos, Tohoku
University, Sendai, as a Japan Society for the Promotion of Science

Fellow and a Visiting Scholar of Tohoku University. There,

continuing DTM's long-term cooperation with the University, he

studied crustal deformation of the Tohoku region, in particular,

slow strain events preceding the 1983 Japan Sea earthquake

(magnitude 7.7). David Fork, staff member at the Department of

Plant Biology, spent eight months at the School of Biological

Sciences in Sydney, Australia, where he studied photosynthetic

mechanisms in an alga that lives in deep shade under corals.

Visiting foreign professorships or fellowships can be of shorter

duration. George Wetherill, director of the Department of Terrestrial

Magnetism, spent several weeks this year in India as Vikram
Sarabhai Visiting Professor of Physics at the Physical Research

Laboratory, Ahmedebad. Nina Fedoroff, staff member of the

Department of Embryology, was a visiting professor at the Universite

de Paris-Sud in Orsay, France, for several weeks in July 1986.

Visiting fellowships can also be closer to home. Embryology
director Donald Brown, for example, spent six months as a Fogarty

Scholar at the National Institutes of Health. Allan Sandage of the

Observatories spent the entire report year at the Johns Hopkins
University Department of Physics and Astronomy, with a joint

appointment at the Space Telescope Science Institute.

Carnegie scientists continued to contribute their expertise and

leadership to such activities as journal editing, service on committees,

conference planning, or service as officers in professional societies.

Some examples among the many, varied activities of the year were
the appointment of Plant Biology's Arthur Grossman to the editorial

board of Plant Physiology, the membership of Embryology's

Joseph Gall on the Office of Technology Assessment's Advisory

Panel on Mapping the Human Genome, the effort of Alan Dressier

of the Observatories in organizing the American Astronomical

Society meeting in Pasadena during January 1987, and the election

of DTM's Julie Morris as international secretary of the Geochemical

Society.

Local Conferences and Seminars. All the Carnegie departments

continued their tradition of hosting weekly seminars, to which

members of the local scientific communities are invited. The
Geophysical Laboratory hosted seven meetings of the Washington

Crystal Colloquium, and four meetings of the Washington Organic

Geochemistry Colloquium. Eight meetings of the NASA-sponsored

Solar System Cosmogony Program were held at DTM. Members of

this program are DTM staff members and fellows working on
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problems associated with the formation and early evolution of the

Solar System in general, and the Earth in particular.

The Department of Embryology held its Tenth Annual Minisym-

posium, "The Molecular Biology of Saccharomyces cerevisiae" on

November 6, 1986. Speakers were Leland Hartwell (University of

Washington), Michael Wigler (Cold Spring Harbor Laboratory),

Jack Szostak (Massachusetts General Hospital), Rolf Sternglanz

(SUNY), and Kevin Struhl (Harvard Medical School).

Special Events. The visiting committees of two departments held

meetings during the report year. The visiting committee to the

Department of Embryology met October 30-31, 1986, in Baltimore.

Members were Bruce Alberts (University of California, San
Francisco), Gerald Fink (Whitehead Institute), William Golden

(Carnegie trustee), Gerald Laubach (Carnegie trustee), Philip

Leder (Harvard University Medical School), William Lennarz

(University of Texas System Cancer Center), Jeff Schell (Max
Planck Institut fur Zuchtungsforschung), Robert Seamans (Carnegie

trustee), Gunnar Wessman (Carnegie trustee), William Wood
(University of Colorado), and John Macomber (Carnegie trustee),

Chairman. Invited guests were James D. Ebert (Carnegie president),

Margaret MacVicar (Carnegie vice president), and Garrison Norton

(trustee emeritus) All attended the meetings except Macomber,
Schell, and Seamans. In Macomber's absence, William Golden

served as Acting Chairman.

The visiting committee to the Mount Wilson and Las Campanas
Observatories met on March 19-20, 1987, in Pasadena. Members of

the Committee were Sandra Faber (Carnegie trustee), George
Jewett (Carnegie trustee), Robert Williams (Cerro Tololo Inter-

American Observatory), Wallace Sargent (Caltech), Charles Townes
(Carnegie trustee), Robert Kirshner (Harvard), Jeremiah Ostriker

(Princeton), and William Golden (Carnegie trustee), Chairman.

Jewett was unable to attend the meetings. Invited guests were
William Hewlett and Thomas Urban, both Carnegie trustees, and
Crawford Greenewalt, trustee emeritus. James Ebert attended

several sessions.

The Annual Meeting of the Carnegie Board of Trustees was held

May 14-15, 1987, in Washington, D.C. Joseph Gall, staff member
at the Department of Embryology, delivered the Carnegie Evening
Lecture, "Genes, Chromosomes, and Development: What Frog and

Newt Eggs Can Tell Us," on May 14.

Perspectives in Science. This venture seeks to bridge the gap
between the Institution's research scientists and the teachers and
students of the nation's classrooms. Two new booklets were published

during the year. "How Galaxies Rotate: Clues to their Past?" links

modern research on galaxy motions by Carnegie astronomers with
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Newton's laws and the basic relations studied in physics courses.

The booklet, written for top students of introductory physics in

high schools and colleges, was distributed to members of the

American Association of Physics Teachers and the Astronomical
Society of the Pacific. Also provided to requestors were cassettes

containing interviews (originally made for radio) with the astronomers
whose work was discussed in the booklet.

The second booklet, "Becoming a Scientist: Gateway to Research,"

traces the careers and outlooks of four postdoctoral fellows (Wendy
Freedman of the Observatories, John Watson of Plant Biology,

Julie Morris of DTM, and Steven L'Hernault of Embryology). The
highly readable booklet offers insights to students looking ahead to

possible careers in science; primary distribution was by the National

Science Teachers Association using certain of its membership lists.

The two booklets were written, respectively, by Ray Bowers and
Patricia Parratt of the Institution's publications office, which

organizes the Perspectives in Science effort.

Losses, Gains, Honors

Oliver Holmes Gish, a former staff member (1922-1957) and

assistant director (1933-1946) of the Department of Terrestrial

Magnetism, was 103 years old when he died on February 22, 1987,

in Athens, Georgia. After earning a master's degree at the University

of Nebraska, and then further study at the University of Gottingen

(West Germany) and the University of Chicago, Gish joined DTM
to begin the work for which he became known—the study of

terrestrial and atmospheric electricity. Gish served many years in

Washington, D.C., where he worked to interpret electrical and

magnetic data from the nonmagnetic sailing vessel Carnegie and

from various land sites, including DTM's field stations in Peru and

Australia. His field work took him to Australia, Mexico, and

Guatemala, and he traveled for several weeks aboard the Carnegie

in 1929. His equipment for studying atmospheric electricity in

1935 ascended in the balloon Explorer II, and he himself reached

near-record altitudes in flights over thunderstorms in B-29's.

Gabrielle Donnay was a staff member at the Geophysical

Laboratory from 1955 to 1971; earlier, 1950-1952, she served as a

fellow at the Laboratory. Born in Germany, Donnay was formally

educated in the United States, where she received her B.A. from

UCLA, and her Ph.D (in crystallography) from MIT. Donnay's

crystal structure investigations included studies of ore minerals,

biominerals, feldspars, relations of morphology to crystal structure,
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and new carbonate structures. After leaving the Laboratory, she

became a professor at McGill University, in Montreal. She died on

April 4, 1987, at her home in Quebec, after a long illness. She
was 67.

The unexpected death of accounting manager Joseph Haraburda
on May 18, 1987, from lung disease, was a blow to his colleagues

and friends at Carnegie's P Street headquarters. Haraburda
was born in Pennsylvania in 1932. He served with the U.S. Marine
Corps (1952-1955), after which he earned a bachelor's degree in

accounting from the University of Cincinnati. A year after finishing,

he joined the Carnegie Institution, where he later became assistant

to the bursar. In 1982, he was appointed accounting manager,
wherein he supervised the daily operations and reporting of the

Institution's finances.

Gunther E. Speicher, instrument maker at the Geophysical

Laboratory for 41 years (1943-1984), died on March 23, 1987. He
was 64.

Anne McConnell, who served at the Observatories as bookkeeper

from 1929 to 1953, and as assistant to the director from 1953 to

1965, died on March 5, 1987, at the age of 87.

Mark D. Henderson, former gardener at the Observatories

(1958-1968), died on January 22, 1987. Domenico Sepe, former

laborer at the Department of Genetics (1945-1958), also died the

same date. And Hazel Krueger, former files secretary at the

Institution's P Street headquarters (1949-1955), died on January

27, 1987.

James D. Ebert retired on June 30, 1987, as president of the

Carnegie Institution. Ebert's long-time service with Carnegie

began in 1953, when he became director, at the age of 33, of the

Department of Embryology. He served in this role until 1976, at

the same time continuing his research into embryonic heart

development and the host-vs. -graft reaction. In 1976, he became

full-time president and director of the Marine Biological Laboratory

at Woods Hole, Massachusetts, where he remained until returning

to Carnegie as president in 1978. Upon his retirement from Carnegie,

Ebert assumed the directorship of the Chesapeake Bay Institute of

the Johns Hopkins University. He continues to serve as vice-

president of the National Academy of Sciences, an elected position

he has held since 1982.

Leaving Carnegie at the same time to return full-time to the

Massachusetts Institute of Technology was Margaret L. A. MacVicar.
MacVicar joined the Institution as vice president in 1983. During
her service at Carnegie, she also remained active at MIT, where
she has been a faculty member since 1970, and dean for undergrad-

uate education since 1985. Currently, she is also professor of

physical science and the Cecil and Ida Green Professor of Education.

Jeanette Brown, staff member at the Department of Plant
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Biology, retired on June 30, 1987, after a Carnegie career that

spanned 29 years. Brown received her B.S. (in bacteriology) and
her M.S., both from Cornell University. After a year of graduate

work at the University of Wisconsin, she earned her Ph.D. from
Stanford University in 1952. She spent a few months at the

Department of Plant Biology as a research associate in 1954, then

worked again at the Department from 1958 to 1960, at which time

she was appointed a staff member. Her research centered on the

physiology of algae, especially on the structure of photosynthetic

pigments.

Also retiring in June 1987 were Robert Georgen, foreman of the

Observatories' machine shop, and Harvey Crist, machinist. Georgen
had been with Carnegie for 32 years, Crist for nine. Dolores M.
Petry, who served as librarian at the Geophysical Laboratory for

34 years, retired in August 1985.

Trustees leaving the Board this year were Gerald M. Edelman,
trustee since 1980, George F. Jewett, trustee since 1983, and

Gunnar Wessman, trustee since 1984.

Gains

Five staff appointments were made during the report year, all

effective on July 1, 1987. Julie D. Morris, new staff member at

DTM, studied at the University of California, Santa Cruz (B.S.

with honors, 1977), and at MIT (Ph.D. in geology and geochemistry

in 1984). In 1984, she became a postdoctoral fellow at DTM, where
she began to work on developing the cosmogenic isotope 10Be as a

tool for tracing sediment subduction in volcanic arcs. She intends to

continue this work as a staff member; she also plans to work with

the radiogenic isotopes of Sr, Nd, and Pb, and the trace elements

in additional studies on magma formation processes.

Wendy L. Freedman, new staff member at the Mount Wilson
and Las Campanas Observatories, was born and educated in

Toronto. She received her B.S. and her Ph.D. from the University

of Toronto, after which, in 1984, she joined the Observatories as a

postdoctoral fellow. Freedman, who has been studying Cepheid
stars using CCD detectors, plans also to study the kinematics of

spiral galaxies. She is the first woman to be appointed staff member
at the Observatories in California.

Todd Boroson has also been appointed staff member of the

Observatories. A former research associate at the Observatories

(1982-1984), Boroson was thereafter a professor at the University

of Michigan, where he also served as director of the McGraw-Hill
Observatory at Kitt Peak, Arizona. Boroson received his B.S. from
Caltech in 1976 and his Ph.D. from the University of Arizona in

1980. He has developed various software and astronomical

instrumentation, and he has studied planetary nebulae in the
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Magellanic Clouds, emissions surrounding quasar images, and

motions within spiral galaxies.

Russell Hemley has served since 1984 as a postdoctoral fellow at

the Geophysical Laboratory. He earned his B.A. in chemistry from

Wesleyan University, and an M.A. and Ph.D. (1983) from Harvard.

He is a leader in studying at high pressures materials ordinarily

gaseous.

Appointed a staff member at the Department of Embryology was
Douglas E. Koshland. Koshland received his B.A. (in chemistry)

from Haverford College, and his Ph.D. from MIT in 1982. Before

joining Carnegie, he was, for three years (1982-1986), a postdoctoral

fellow at the University of Washington, and, since 1986, a

postdoctoral fellow at the University of California, San Francisco.

His principal area of interest lies in the analysis of the cell cycle in

yeast, using genetic and biochemical methods.

William Albert Hiltner, emeritus professor of astronomy of the

University of Michigan, joined the Observatories on July 1, 1986,

as project manager for the design and construction phase of the

future 8-meter telescope at Las Campanas. Hiltner was a professor

at the University of Michigan, 1970-1985, and chairman of the

department of astronomy from 1970 to 1983. Previously (1943-

1969), he was on the staff of the Yerkes Observatory of the

University of Chicago.

James D. Ebert, retiring president of the Institution, was elected

a member of the Carnegie Board of Trustees at the May 1987

annual meeting.

Honors

Winslow R. Briggs, director of the Department of Plant Biology,

was elected to membership in the Deutsche Akademie der

Naturforscher Leopoldina, the oldest scientific academy in Europe.

Election to the academy is a rare and special honor.

Donald D. Brown received the 1987 Feodor Lynen Medal and
delivered the associated lecture in February 1987 in Miami, Florida.

The award is sponsored by the GIBCO/BRL division of Life

Technologies, Inc. Brown was a Fogarty Scholar at the National

Institutes of Health from October 1986 to April 1987.

To promote further contact with Australian scientists and the

Australian public, Plant Biology staff member Olle Bjorkman
received the Selby Fellowship Award from the Australian Academy
of Sciences.

Geophysical Laboratory staff member Thomas Hoering received

the 1987 Treibs Award from the Organic Geochemistry Society for

his contributions (spanning 1955 to the present) to organic

geochemistry.

Vera Rubin, DTM staff member, was President's Distinguished
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Visitor of 1987 at her alma mater, Vassar College, for a week in

February 1987.

Joseph Gall, staff member at the Department of Embryology,
received an honorary Doctor of Science degree from the University

of Maryland, Baltimore County, in June 1987.

Geophysical Laboratory staff member Ho-kwang Mao was elected

to Fellowship in the American Geophysical Union.

Geophysical Laboratory staff member Douglas Rumble III was
elected first vice president and president-elect of the Geological

Society of Washington.

Embryology staff associate Philip Beachy was selected this year

as an Alfred P. Sloan Research Fellow in Neuroscience.

Geophysical Laboratory postdoctoral fellow Luis Cifuentes

received the 1987 award for the best dissertation in oceanography
from the University of Delaware. His sister, Ines Cifuentes,

predoctoral fellow at DTM, was awarded an NSF junior fellowship

under the U.S. -Industrialized Countries Exchange Program for

Scientists and Engineers, and will begin a one-year term of study

at the Institut de Physique du Globe de Paris in November.
Geophysical Laboratory postdoctoral fellow Thomas Stafford, Jr.,

received a National Research Council Fellowship for study at the

Center for Analytical Chemistry, National Bureau of Standards,

starting in October 1987.

Embryology Research Associate Elizabeth Ramsey was selected

to receive The President's Distinguished Scientist Award for 1987

from the Society for Gynecologic Investigation.

A symposium honoring recently retired Observatories staff

member Halton Arp took place in Venice, Italy, during May 1987

at the Institute Veneto Di Scienze.

Former Embryology staff member Gerald Rubin (1980-1983) was
elected to the National Academy of Sciences in 1987.

Former Geophysical Laboratory director Hatten S. Yoder, Jr.,

was elected to membership in the Societe Francaise de Mineralogie

et de Cristallographie. He was selected by the Geological Society of

South Africa as the 1987 Alexander Du Toit Memorial Lecturer. He
delivered a commencement address at the University of Northern

Illinois on May 9, 1987.

Trustee Philip Abelson was awarded a National Medal of Science

on June 25, 1987.

Trustee William Golden was elected president-elect of the New
York Academy of Sciences in December 1986.

Trustee Charles Townes received a Berkeley Citation from the

University of California in October 1986.

Trustee Gerald Laubach was elected to membership in the

National Academy of Engineering and the Institute of Medicine of

the National Academy of Sciences.
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4To May 5, 1987
5From January 7, 1987
6From November 6, 1986
7To January 15, 1987
8From September 10, 1986

^o July 31, 1986

10From October 1, 1986
nTo June 3, 1987
12From February 6, 1987
13From February 1, 1987
14To August 23, 1986
15Temporary employee
16To May 8, 1987
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GEOPHYSICAL LABORATORY

Research Staff

Peter M. Bell 1

Francis R. Boyd, Jr.

Felix Chayes, Petrologist Emeritus
Larry W. Finger

Marilyn L. Fogel

John D. Frantz

P. Edgar Hare
Robert M. Hazen
Thomas C. Hoering
T. Neil Irvine

Ikuo Kushiro2

Ho-kwang Mao
Bjorn Mysen
Charles T. Prewitt, Director

Douglas Rumble III3

David Virgo

Hatten S. Yoder, Jr., Director Emeritus

Keck Earth Sciences Research Scholar

Gregory E. Muncill

Postdoctoral Associates

Anne M. Hofmeister
Chang-sheng Zha4

Postdoctoral Fellows

C. Page Chamberlain4

Luis Cifuentes5

Russell J. Hemley
Andrew P. Jephcoat

Robert W. Luth
Thomas W. Stafford

Peter Ulmer6

Research Intern

Charles Hansen7

Supporting Staff

Andrew J. Antoszyk, Shop Foreman
Stephen D. Coley, Sr., Instrument Maker
Fred Clements, Instrument Maker8

Roy R. Dingus, Instrument Maker
David J. George, Electronics Technician

Christos Hadidiacos, Electronics Engineer
Marjorie E. Imlay, Assistant\to the Director

Michael Jenkins, Word-Processor Operator-
Receptionist

Lavonne Lela, Librarian-Stenographer
Harvey J. Lutz, Clerk and Technician

Mabel B. Mattingly, Department Secretary

Mary Moore, Technical Typist9

Lawrence B. Patrick, Maintenance Supervisor

David Ratliff, Jr. , Maintenance Technician

Pedro J. Roa, Maintenance Technician 10

*Leave of absence from November 1, 1986
2To March 5, 1987; leave of absence, Chairman, Geo-

logical Institute, University of Tokyo
3Leave of absence, NSF
4To June 30, 1987
5Predoctoral Fellow to September 30, 1986

6From October 1, 1986
7From June 17, 1987
8From January 1, 1987
9From March 15, 1987
10From July 16, 1986

MOUNT WILSON AND LAS CAMPANAS OBSERVATORIES

Research Staff

Horace W. Babcock, Emeritus

Alan Dressier

W. A. Hiltner 1

Jerome Kristian

S. Eric Persson

George W. Preston

Allan Sandage2

Paul L. Schechter

Leonard Searle

Stephen A. Shectman
Ray J. Weymann, Director

Olin C. Wilson, Emeritus

Staff Associate

Ian B. Thompson

Adjunct Staff Members

W. Kent Ford, Department of Terrestrial Mag-
netism, CIW

John Graham, Department of Terrestrial Mag-
netism, CIW

Vera C. Rubin, Department of Terrestrial Mag-
netism, CIW

Francois Schweizer, Department of Terrestrial

Magnetism, CIW



Several postdoctoral fellows of the Observatories: Jill Bechtold,

John Caldwell, Scott Anderson, Kem Cook.

Las Campanas Resident Scientists

Wojciech A. Krzeminski, Resident Scientist

William E. Kunkel, Resident Scientist/Admin-

istrator

Postdoctoral Fellows

Scott Anderson3

Jill Bechtold

John Caldwell

Belva Campbell4

Kem Cook5

Wendy L. Freedman
Michael D. Gregg
Robert I. Jedrzejewski6

Abhijit Saha
Rogier A. Windhorst

Predoctoral Carnegie-Chile Fellow

Fernando L. Selman, California Institute of

Technology

Supporting Staff, Pasadena

John M. Adkins, Assistant, Buildings and
Grounds

Noemi Aguilar, Assistant to the Director7

Maria Anderson, Manuscript Typist/Editor8

Nicolette Breski, Purchasing Agent
Richard T. Black, Business Manager
David M. Carr, Electronics Technician

Ken D. Clardy, Data Systems Manager
Maynard K. Clark, Electronics Engineer9

Harvey W. Crist, Machinist 10

Brian Elms, Machinist 11

Sally Erickson, AAS Meeting Secretary 12

James Frazer, Observatory Technician 13

Carroll L. Friswold, Head, Design Group
Joan Gantz, Librarian

Robert D. Georgen, Foreperson, Machine Shop 10

Rhea Goodwin, Assistant to the Director 14

Karen Gross, Las Campanas Support Agent 15

John A. Jacobs, Electronics Technician (part-

time)

Basil A. Katem, Senior Research Assistant

Karen Kern, Assistant to the Director16

Stephen Knapp, Engineer17

Stephen P. Padilla, Photographer
Frank Perez, Technical Assistant to the Direc-

tor

Christopher M. Price, Electronics Engineer
Pilar Ramirez, Machine Shop Foreperson 18

Delores B. Sahlin, Receptionist

Edward H. Snoddy, Designer
Kristin Theotokatos, Magellan Project Assistant 19

Jeannie M. Todd, Bookkeeper
Estuardo Vasquez, Machinist

Steven Wilson, Head, Buildings and Grounds
Laura Woodard, Research Assistant20

Supporting Staff Las Campanas

Alain Aubry T., Electonics Technician

Hector Balbontin, Chef
Angel Cortes L., Accountant

Oscar Duhalde C, Night Assistant

Angel Guerra F., Night Assistant

Luis Gutierrez R., Mechanic

Leonel Lillo A. , Carpenter
Mario Mondaca 0., Guard (part-time)

Herman Olivares G. , Warehouse Attendant

Ljubomir Papic, Mountain Superintendent

Alfredo Paredes Z., Equipment Operator
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Fernando Peralta B., Night Assistant

Leonardo Peralta B. , Driver and Purchaser

Victorino Riquelme P., Janitor

Honorio Rojas P., Pump Operator

Pedro Rojas T. , Mason
Luis Solis P. , Electronics Technician

Mario Taquias L., Plumber
Gabriel Tolmo V., El Pino Guard
Jorge Tolmo V., El Pino Guard
Mauricio Villalobos H., Chef
Patricia Villar B., Administrative Assistant

Alberto Zuniga, Night Assistant21

Magellan Project Manager, from July 1, 1986
2Leave of Absence
3From September 1, 1986
4To January 11, 1987
5From September 15, 1986

^o May 16, 1987
7Magellan Project Assistant, from March 23, 1987; As-

sistant to the Director, from May 11, 1987

^o September 30, 1986
9Magellan Project Consultant
10To June 30, 1987
HFrom February 9, 1987

12From September 1, 1986, to February 18, 1987
13From February 9, 1987
14To April 30, 1987
15From September 29, 1986
16From February 23, 1987, to May 29, 1987
17To February 28, 1987
18From February 2, 1987
19Manuscript Typist/Editor, from September 24, 1986;

Magellan Project Assistant, from May 11, 1987
20To January 15, 1987
21From March 4, 1987

OFFICE OF ADMINISTRATION

Lloyd H. Allen, Custodian

Cynthia T. Blagmon, Receptionist and Clerk 1

Ray Bowers, Editor and Publications Officer

Don A. Brooks, Custodian

Cady Canapp, Administrator for Personnel and
Employee Benefits

Carolyn J. Davis, Secretary2

Barbara F. Deal, Administrative Assistant

James D. Ebert, President

Jacqueline Green, Secretary to the President

Joseph M. S. Haraburda, Accounting Manager3

Antoinette M. Jackson, Facilities and Support
Services Manager4

Sherman L. E. Johnson, Payroll Supervisor

Rickie Kanipe, Receptionist and Clerk5

JTo September 3, 1986
2To May 8, 1987
3Died, May 18, 1987

John C. Lawrence, Controller

Margaret L. Loflin, Assistant to the Vice Pres-

ident

Margaret L. A. MacVicar, Vice President

Susan A. Maslousky, Accountant
John B. Osolnick, Systems Accountant4

Patricia Parratt, Associate Editor

Arnold J. Pryor, Equal Opportunity Officer

Richard B. Sell, Accountant
Greg Silsbee, Grants and Contracts Adminis-

trator

Susan Y. Vasquez, Assistant to the President

Si-ming Wang, Student Assistant from People's

Republic of China6

4To June 15, 1987
5From November 3,
6To August 18, 1986

APPOINTMENTS IN SPECIAL SUBJECT AREAS

Roy J. Britten, Staff Member of the Institution 1

Barbara McClintock, Distinguished Service
Member of the Institution2

distinguished Carnegie Senior Research Associate,

Developmental Biology Research Group, California

Institute of Technology
2Cold Spring Harbor, New York
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Visiting Investigators

DEPARTMENT OF PLANT BIOLOGY

Devaki Bhaya, Jawaharlal Nehru University,

New Delhi, India

Joseph Levitt, University of Minnesota

Josep R. Penuelas, University of Barcelona,

Spain

Kimberlyn Williams, Stanford University

DEPARTMENT OF TERRESTRIAL MAGNETISM

Barbara Barreiro, Dartmouth College

Nabil Z. Boctor1

Patrick Cassen, NASA Ames Research Center,

California

Larry P. Cox, J. S. Lewis Associates, Tucson,

Arizona and Concord, Massachusetts

William K. Hart, Miami University

Stanley A. Mertzman, Franklin and Marshall

College

Robert P.

Madison
Gui-Zhong Qi

lege Park

Meyer, University of Wisconsin-

University of Maryland at Col-

Theodore Scambos, University of Colorado at

Boulder

Susan M. Simkin, Michigan State University

Diglio A. Simoni V., NASA Astrophysical Ob-
servatory, Arequipa, Peru

J. Arthur Snoke, Virginia Polytechnic Institute

and State University

Ole Stecher, University of Aarhus, Denmark
Glen R. Stewart, University of Virginia

Linda L. Stryker, Arizona State University

Richard T. Williams, University of Tennessee

at Knoxville

Allan H. Wilson, University of Natal, South Af-

1Appointed Research Associate as of July 1, 1987

GEOPHYSICAL LABORATORY

Jagan Akella, Lawrence Livermore Laborato-

ries

Ross Angel, University of Cambridge
Lukas Baumgartner, University of Basel

Francois Behar, Institut Frangais du Petrole,

Rueill, France
Nabil Z. Boctor, Purdue University

R. E. Cohen, Naval Research Laboratory

James W. Downs, Ohio State University

Marty Giramita, University of California, Davis

Robert Guy, Department of Plant Biology, CIW
Robert Hedges, University of Oxford, England
Zenzaburo Inoue, National Institute for Re-

search in Inorganic Materials, Japan
Julie Kokis, George Washington University

James Kubicki, Yale University

Vince La Piana, Yale University

Ian D. MacGregor, NSF
Tamsin C. McCormick, University of Colorado

at Boulder

M. J. Mehl, Naval Research Laboratory

M. Moats, Temple University

Arnulf Muan, Pennsylvania State University

Nancy Ross, Arizona State University

Hiroki Sato, University of Hawaii

Zachary Sharp, University of Michigan

Simon Shepherd, Centre National de la Re-

cherche Scientifique, Nancy, France

Berndt Simoneit, Oregon State University

E. Kent Sprague, University of Georgia

Linda Stathoplos, University of Rhode Island

Noreen Tuross, NIH
Finn Ulff-Mrihler, Geological Museum of Copen-

hagen
G. C. Ulmer, University of Pennsylvania

Mirelle Vandenbroucke, Institut Frangais du

Petrole, Rueill, France

D. Weidner, State University of New York at

Stony Brook
Frans Wickman, University of Stockholm
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Ching-wu Chu of the University of Houston,

recent discoverer of the high-temperature

superconducting material, with Robert Hazen of

the Geophysical Laboratory.

Bernard J. Wood, Northwestern University

Ellen K. Wright, Yale University

Terry Wu, University of Maryland

Yang Wu, University of California, Berkeley

Zhang Yi-gang, People's Republic of China

MOUNT WILSON AND LAS CAMPANAS OBSERVATORIES

Gonzalo Alcaino, Instituto Isaac Newton
Luis Barrera, Universidad Catolica de Chile

Timothy Beers, Michigan State University

William Blair, Johns Hopkins University

Greg Bothum, University of Michigan
K. G. Budge, California Institute of Technology
Arthur Davidsen, Johns Hopkins University

Serge Demers, University of Montreal

Douglas Duncan, Johns Hopkins University

Max Foundez-Abans, Universidad de Santiago

Richard Henry, Johns Hopkins University

Mark Heyer, Department of Terrestrial Mag-
netism, CIW

Robert Hill,* University of Western Ontario

John Hutchings, Dominion Astrophysical Ob-
servatory

Jim Imamura, University of Oregon
Randy Kimble, Johns Hopkins University

Robert Kirshner, Harvard-Smithsonian Center
for Astrophysics

Ario Landolt, Johns Hopkins University

John Landstreet, University of Western On-
tario

Knox Long, Johns Hopkins University

Richard Lucinio, California Institute of Tech-

nology

Barry Madore, California Institute of Technol-

ogy
Kubiak Marcin, University of Warsaw, Poland

Jose Maza, Universidad de Chile

Jeremy Mould, California Institute of Technol-

ogy
James Nemec, California Institute of Technol-

ogy
Mario Pedreros, Universidad de Chile

Hernan Quintana, Universidad Catolica de Chile

Neil Reid, California Institute of Technology
Michael Rich, Department of Terrestrial Mag-

netism, CIW
Maria Teresa Ruiz, Universidad de Chile
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Fernando Selman,* California Institute of Tech-

nology

Susan Simkin, Michigan State University

Bradford Smith, University of Arizona

Charles Steidel,* California Institute of Tech-

nology

Thomas Steiman-Cameron, University of Col-

orado

Nicholas Suntzeff, Cerro Tololo Inter-American
Observatory

Richard Terrile, Jet Propulsion Laboratory

David Turnshek, Johns Hopkins University

Alan Uomoto, Johns Hopkins University

Sidney Van den Bergh, Dominion Astrophysical

Observatory

Brian Ventrudo,* University of Western On-

tario

Nikolaus Vogt, Universidad Catolica de Chile

A. M. Wolfe, University of Pittsburgh

"Graduate student



Report of the Executive

Committee

To the Trustees of the Carnegie Institution of Washington

In accordance with the provisions of the By-Laws, the Executive Com-
mittee submits this report to the Annual Meeting of the Board of Trustees.

During the fiscal year ending June 30, 1987, the Executive Committee
held four meetings. Accounts of these meetings have been or will be mailed

to each Trustee.

A full statement of the finances and work of the Institution for the fiscal

year ended June 30, 1986, appears in the Institution's Year Book 85, sl

copy of which has been sent to each Trustee. An estimate of the Insti-

tution's expenditures in the fiscal year ending June 30, 1988, appears in

the budget recommended by the Committee for approval by the Board of

Trustees.

The terms of the following members of the Board expire on May 15,

1987:

Lewis M. Branscomb William C. Greenough
John Diebold William R. Hewlett
Gerald M. Edelman Richard S. Perkins

Sandra M. Faber Gunnar Wessman

In addition, the terms of all Committee Chairmen and the following

members of Committees expire on May 15, 1987:

Executive Committee Finance Committee

Lewis M. Branscomb Robert G. Goelet

Edward E. David, Jr. John D. Macomber
William R. Hewlett Richard S. Perkins

John D. Macomber

Nominating Committee Auditing Committee

William T. Golden Robert M. Pennoyer
Antonia Ax:son Johnson

May 15, 1987
Robert C. Seamans, Jr., Chairman
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Abstract of Minutes
of the Ninetieth Meeting of the Board of Trustees

The Annual Meeting of the Board of Trustees was held in the Board
Room of the Administration Building on Friday, May 15, 1987. The meet-
ing was called to order by the Chairman Richard E. Heckert.

The following Trustees were present: Philip H. Abelson, William T.

Coleman, Jr., John Diebold, Sandra M. Faber, Robert G. Goelet, William

T. Golden, William C. Greenough, Caryl P. Haskins, Richard E. Heckert,

William F. Kieschnick, Gerald D. Laubach, Richard S. Perkins, Robert
C. Seamans, Jr., Thomas N. Urban, Sidney J. Weinberg, Jr., and Gunnar
Wessman. Also present were James D. Ebert, President, Maxine F. Singer,

President-Elect, Margaret L. A. MacVicar, Vice President, John C. Law-
rence, Controller, Susan Y. Vasquez, Assistant Secretary, and Marshall

Hornblower, Counsel.

The minutes of the Eighty-Ninth Meeting were approved.

The reports of the Executive Committee, the Finance Committee, the

Employee Benefits Committee, and the Auditing Committee were ac-

cepted. On the recommendation of the latter, it was resolved that Price

Waterhouse & Co. be appointed as public accountants for the fiscal year
ending June 30, 1988.

Sections 3.5 and 5.11 of the By-Laws were amended. The amended
language is given in the By-Laws printed on pages 187-192 of this Year
Book.

On the recommendation of the Nominating Committee, James D. Ebert
was elected a member of the Board of Trustees, and the following were
reelected for the terms ending in 1990: Lewis M. Branscomb, John Die-

bold, Sandra M. Faber, William C. Greenough, William R. Hewlett, and
Richard S. Perkins.

The following were elected for one-year terms: Robert C. Seamans, Jr.,

as Chairman of the Executive Committee; Sidney J. Weinberg, Jr., as

Chairman of the Finance Committee; Robert M. Pennoyer as Chairman
of the Auditing Committee; and William T. Coleman, Jr., as Chairman of

the Employee Benefits Committee. William T. Golden was appointed

Chairman of the Nominating Committee for a one-year term.

Vacancies in the Standing Committees, with terms ending in 1990, were
filled as follows: Edward E. David, Jr., William F. Kieschnick, John D.

Macomber, and Thomas N. Urban were elected members of the Executive
Committee; Robert G. Goelet, Antonia Ax:son Johnson, and John D. Ma-
comber were elected members of the Finance Committee; and William T.

Golden was elected a member of the Nominating Committee.
Dr. Heckert reported for the Committee on Continuity that Dr. Maxine

F. Singer had been elected President of the Institution by the written

document procedure of Section 4.6 of the By-Laws on March 4, 1987. Dr.
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Heckert further reported that since Dr. Singer would not be available to

take office until March 1, 1988, the Committee on Continuity recommended
the election of Dr. Edward E. David, Jr., Trustee of the Institution, as

Acting President to serve during the interim between Dr. Ebert's retire-

ment on June 30, 1987, and Dr. Singer's installation. Dr. David was unan-

imously elected by ballot.

Dr. Seamans reported further on the deliberations of the Committee at

its meeting on May 14, 1987, regarding co-location of the Geophysical

Laboratory and Department of Terrestrial Magnetism and the adoption

of the following resolution:

Resolved That, because the highest priority of the Institution in the earth and

related astronomical sciences is to realize the opportunities for unique scientific

collaborations and bold, new lines of scientific inquiry inherent in the collaboration

of the Geophysical Laboratory and the Department of Terrestrial Magnetism through

co-location of both departments on the Broad Branch Road site, the Executive

Committee
1. Authorizes a budget not to exceed $17.5 million for design, construction and all

related project expenses to effect new construction and renovation of existing

facilities on the Broad Branch Road site.

2. Authorizes the President to commission the development of a final architectural

plan for the new construction and the renovation of the current facilities necessary

for the co-location.

3. Authorizes the President, upon receipt of a satisfactory final architectural plan,

to execute a contract or contracts for the new construction and renovations.

The annual report of the President was accepted.

To provide for the operation of the Institution for the fiscal year ending

June 30, 1988, and upon recommendation of the Executive Committee,
the sum of $18,175,000 was appropriated.



Financial Statements

for the year ended June 30, 1987
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Carnegie Institution of Washington
Financial Statements

Contributions, Gifts, and Grants
for the Year Ended June 30, 1987

Philip H. and Neva M. Abelson

Joseph F. Albright

American Astronomical Society

American Cancer Society

BARD (U. S.-Israel Agriculture Fund)
Ailene J. Bauer
Liselotte Beach
Frederick E. Bergmann
Giuseppe Bertani

John Bonica

Bent G. Boving

Montgomery S. and Joanne Bradley

Lewis M. Branscomb
Robert Breusch

The Bristol-Myers Fund, Inc.

Donald D. Brown
Jeanette S. Brown
Donald M. Burt

California Institute of Technology

University of California

Martha Camfield

Carnegie Corporation of New York
James F. Case
Ernst W. Caspari

Celanese Corporation

People's Republic of China

The Jane Coffin Childs Memorial Fund
for Medical Research

William Geary
John R. Coleman
Columbia University

The Commonwealth Fund
Jean Cockrell Cowie
George and Sandra Dalsheimer
The Charles A. Dana Foundation, Inc.

Edward E. David, Jr.

Edwin A. Davis

Vincent J. DeFeo
Louis E. DeLanney
University of Delaware
John Diebold

John B. Doak
W. John S. Downton
James D. and Alma C. Ebert
W. Gary Ernst

Exxon Education Foundation
Sandra M. Faber
Lewis J. Feldman
Dorothy R. Fischer

Michael Fleischer

Robert G. Goelet

The Golden Family Foundation
Crawford H. and Margaretta Greenewait
William C. Greenough
William G. Hagar, III

Richard Hallberg

Pembroke J. Hart
Caryl P. and Edna Haskins

Ulrich Heber
Richard E. Heckert
Mary G. Hedger
H. Lawrence Heifer

Alfred D. Hershey
William R. Hewlett

William M. Hiesey

The Johns Hopkins University

Robert F. Howard
Hans R. Huessy
F. Earl Ingerson

J. I. Foundation, Inc.

George F. Jewett, Jr. 1965 Trust

A. Johnson & Co., Inc.

Paul A. Johnson

Jerome Karle

W. M. Keck Foundation

Elizabeth M. Ramsey, M.D., and Hans A. Klagsbrunn

Klingenstein Fund
Robert W. Krauss

Gerald D. Laubach
Faith and Arthur La Velle

A. H. Lawrence
John C. and Cathleen E. Lawrence
Harold H. Lee
Howard M. Lenhoff

Ta-Yan Leong
Leukemia Society of America
Melvyn Lieberman
Life Sciences Research Foundation

Dan L. Lindsley

Felix J. Lockman
John D. & Catherine T. MacArthur Foundation

John D. and Caroline Macomber
Winston M. Manning
C. B. Martin, Jr.

William McChesney Martin, Jr.

Barbara McClintock

Sheila McCormick
McGill University geology graduate students

The Andrew W. Mellon Foundation

Gunter H. Moh
The Ambrose Monell Foundation

Monsanto Company
Gisela Mosig
Norio Murata
Muscular Dystrophy Association

National Air and Space Administration

National Geographic Society

National Science Foundation
Tokindo Okada
Richard S. Perkins

(continued)
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Contributions, Gifts, and Grants
for the Year Ended June 30, 1987 (continued)

Pfizer Inc.

Pioneer Hi-Bred International, Inc.

Public Health Service

Rambabu P. Ranganayaki
Peter H. and Tamra E. Raven
Glenn C. Rosenquist

Vera C. Rubin
Damon Runyon-Walter Winchell Cancer Fund
Ruth N. Schairer

Schering Corporation International

Marketing Department
Maarten and Corrie Schmidt
Robert C. Seamans, Jr.

Martin G. Seitz

Shell Companies Foundation

Nobu Shimizu

Edwin M. Shook
Alfred P. Sloan Foundation

Elizabeth H. Smith
Harold Speert

Edward A. Stanley

John and Louise Stevenson

Douglas K. Struck

The Teagle Foundation, Inc.

Norbert Thonnard
George R. Tilton

United Agriseeds

A. Unsold
William B. Upholt

Thomas N. and Mary B. Urban
U.S. Agency for International Development
U.S. Department of Agriculture

U.S. Department of the Interior

U.S. Office of Naval Research
Larry N. Vanderhoef
Kenichi Wakamatsu
The Sidney J. Weinberg, Jr. Foundation

James Weinman
Weizmann Institute

Wenner-Gren Foundation

Helen Hay Whitney Foundation

David G. Whittingham
Frederick T. Wolf
Kenzo Yagi

Violet K. Young
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1801 K Street. N.W. Telephone 202 296 0800
Washington. DC 20006

Price Waterhouse fi

August 31, 1987

To the Auditing Committee of the
Carnegie Institution of Washington

In our opinion, the accompanying statements of assets,
liabilities, and fund balances and the related statements
of revenues, expenses, and changes in fund balances present
fairly the financial position of the Carnegie Institution
of Washington at June 30, 1987 and 1986, and the results
of its operations and the changes in its fund balances
for the years then ended, in conformity with generally
accepted accounting principles consistently applied. Our
examinations of these statements were made in accordance
with generally accepted auditing standards and accordingly
included such tests of the accounting records and such
other auditing procedures as we considered necessary in
the circumstances.

Our examinations were made for the purpose of forming
an opinion on the basic financial statements taken as
a whole. The supporting schedules 1 through 4 are presented
for purposes of additional analysis and are not a required
part of the basic financial statements. Such information
has been subjected to the auditing procedures applied
in the examination of the basic financial statements and,
in our opinion, is fairly stated in all material respects
in relation to the basic financial statements taken as
a whole.

1Wc tAJt^^^^
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Statements of Assets, Liabilities, and Fund Balances
June 30, 1987 and 1986

1987

Assets

Cash and cash equivalents $ 304,222 $ 598,514

Advances and accounts receivable 135,387 26,821

Grants receivable 371,363 213,077

Accrued interest and dividends 2,010,043 1,374,254

Due from brokers
._LL 262,534

2,821,015 2,475,200

Investments* (market)

Fixed income—short term 25,197,000 8,572,000

Fixed income—bonds 57,589,810 34,211,528

Fixed income—mortgages 25,188,289 29,842,106

Corporate stocks 118,825,453 129,712,137

Other 933,190 644,540

227,733,742 202,982,311

Plant

Land 1,009,851 1,019,524

Buildings 4,338,974 4,449,805

Equipment 8,757,987 10,224,309

14,106,812 15,693,638

Total assets $244,661,569 $221,151,149

Liabilities and Fund Balances

Liabilities

Accounts payable and accrued expenses 1,555,336 1,177,247

Due to brokers 7,334,225

Deferred grant income 2,858,584 2,653,320

Total liabilities 11,748,145 3,830,567

Fund balances 232,913,424 217,320,582

Total liabilities and fund balances $244,661,569 $221,151,149

Approximate cost on June 30, 1987: $188,659,909; June 30, 1986: $160,152,977.

The accompanying notes are an integral part of these statements.
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Statements of Revenues, Expenses, and Changes in Fund Balances
for the Years Ended June 30, 1987 and 1986

Year Ended June 30

Revenues
Investment income

Grants

Federal

Private

Other revenues

Total revenues

Expenses

Personnel and related

Equipment
General

Total expenses

Excess of revenues over expenses before capital changes .

Capital changes

Realized net gain on investments

Unrealized gain (loss) on investments

Gifts—Endowment and Special Funds
Land, buildings, and equipment capitalized

Total capital changes

Excess of revenues and capital changes over expenses .

Fund balances, beginning of year

Fund balances, end of year

The accompanying notes are an integral part of these statements.

1987 1986

$ 10,628,717 $ 10,165,667

3,060,844

1,612,800

655,833

3,748,432

1,847,049

317,496

15,958,194 16,078,644

9,782,627

1,592,566

5,457,099

9,180,632

1,598,870

5,291,078

16,832,292 16,070,580

(874,098) 8,064

21,509,802

(3,755,501)

299,466

(1,586,827)

20,435,855

25,295,476

226,197

85,758

16,466,940 46,043,286

15,592,842 46,051,350

217,320,582 171,269,232

$232,913,424 $217,320,582
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Notes to the Financial Statements

June 30, 1987

Note 1 . Significant Accounting Policies

The financial statements ofthe Institution are prepared on the accrual basis ofaccounting.

The Institution capitalizes expenditures for land, buildings, telescopes and other significant

equipment, and construction projects in progress. Expenditures for other equipment are

charged to current operations as incurred, and the cost ofsuch other equipment is not capitalized.

The Institution follows the policy of not depreciating its buildings and telescopes.

During the fiscal year ended June 30, 1987, the Institution wrote off telescopes and related

buildings, retained but no longer used by the Institution, with an original cost of $1,696,941.

Note 2. Employee Benefit Plans

The Institution has a noncontributory, money-purchase retirement plan in which all United

States personnel are eligible to participate. Voluntary contributions may also be made by
employees. Actuarially determined contributions are funded currently by the Institution, and

there are no unfunded past service costs. The total contributions made by the Institution were
$973,473 in 1987 and $778,743 in 1986. Benefits under the plan upon retirement depend on the

investment performance of the Institution's Retirement Trust. After one year's participation,

an individual's benefits are fully vested.

The Institution provides health insurance for retired employees. Most of the Institution's

United States employees may become eligible for those benefits at retirement. The cost of

retiree health insurance benefits is recognized as an expense as costs are incurred. For 1987

and 1986 those costs were $213,271 and $197,222, respectively.

Note 3. Restricted Grants

Restricted Grants are funds received from foundations, individuals, and federal agencies in

support of scientific research and educational programs. The Institution follows the policy of

reporting revenues only to the extent that reimburseable expenditures are incurred. The
Restricted Grants Statement (Schedule 3) shows all of the current grants.

Note U- Income Taxes

The Institution is exempt from federal income tax under Section 501(c)(3) of the Internal

Revenue Code. Accordingly, no provision for income taxes is reflected in the accompanying
financial statements. The Institution is also an educational institution within the meaning of

Section 170(b)(l)(A)(ii) of the Code. The Internal Revenue Service has classified the Institution

as other than a private foundation, as defined in Section 509(a) of the Code.

Note 5. Other Investments

In order to assist in the relocation of certain key scientific staff, the Institution makes loans

secured by real estate to these employees at below market interest rates. At June 30, 1987

and 1986, their outstanding value was $733,190 and $644,540, respectively.

Note 6. Contingencies

The suit filed against the Institution alleging improper disposal of controlled hazardous

substances removed from the Institution's Department of Embryology was settled in July 1987

for an immaterial amount.
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Schedule 3

Restricted Grants
for the Year Ended June 30, 1987

Balance New
July 1,1986 Grants

Federal Grants

National Aeronautics and Space Administration ... $ 161,446 $ 958,188

National Science Foundation 943,558 611,253

Public Health Service 1,024,162 1,679,030

U.S. Agency for International Development 25,553 48,700

U.S. Department of Agriculture 121,716 61,444

U.S. Department of Energy ... 56,000

U.S. Department of the Interior 27,800 52,956

Miscellaneous—Other 129 10,999

Total federal grants 2,304,364 3,478,570

Private Grants

American Astronomical Society ... 7,430

American Cancer Society 593,759 18,000

California Institute of Technology 25,437 66,778

Carnegie Corporation of New York 125,000

People's Republic of China 15,040

The Jane Coffin Childs Memorial Fund 31,833 11,500

University of Delaware 14,844

Exxon Education Foundation 100,000

William R. Hewlett Lead Trust 1,417,723 997,125

The Johns Hopkins University 36,525 178,563

W. M. Keck Foundation 140,663

Leukemia Society of America 76,140

Life Sciences Research Foundation 81,333

John D. & Catherine T. MacArthur Foundation ... ... 15,000

The Andrew W. Mellon Foundation 776,311 15,000

Ambrose Monell Foundation 50,000 75,000

Monsanto Company 5,593

Pioneer Hi-Bred International 9,819

Richard B. T. Roberts 1,306

Vera C. Rubin 3,347 1,000

Damon Runyon-Walter Winchell Cancer Fund ... 26,161

Shell Development Company 38,641 10,000

Alfred P. Sloan Foundation 12,690

The Teagle Foundation, Inc 9,750 30,000

Weizmann Institute 3,657

Helen Hay Whitney Foundation 20,300 3,000

Miscellaneous—Other 28,057 41,228

Total private grants 3,643,929 1,469,624

Total restricted grants 5,948,293 $4,948,194

Less cash not yet received from grants . . 3,294,973

Deferred income $2,653,320

The accompanying notes are an integral part of these schedules.

Balance

Expenses June 30, 1987

$ 216,441 $ 903,193

756,662 798,149

1,847,689 855,503

58,665 15,588

87,668 95,492

31,035 24,965

51,556 29,200

11,128

1,612,800

$4,673,644

3,060,844 2,722,090

7,430

84,294 527,465

75,202 17,013

125,000

10,755 4,285

40,167 3,166

13,678 1,166

45,177 54,823

497,738 1,917,110

181,947 33,141

72,226 68,437

21,329 54,811

36,861 44,472

15,000

103,532 687,779

107,009 17,991

5,593

9,437 382

1,306

4,347

24,714 1,447

48,641

821 11,869

39,750

3,657

21,967 1,333

20,875 48,410

3,500,753

6,222,843

3,364,259

$2,858,584
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Schedule of Expenses
for the Years Ended June 30, 1987 and 1986

1987

Schedule 4

1986

Salaries, fringe benefits, and payroll taxes

Salaries

Fringe benefits and payroll taxes . .

Total

Fellowship grants and awards

Endowment
and Special

Restricted

Grants

Total

Expenses
Total

Expenses

$ 5,724,375

1,575,586

$1,132,473

276,787

$ 6,856,848

1,852,373

$ 6,441,221

1,672,897

7,299,961 1,409,260 8,709,221 8,114,118

636,931 436,475 1,073,406 1,066,514

Equipment
Educational and research 271,076 835,242 1,106,318 1,216,813

Administrative and operating . . . 237,133 . .

.

237,133 174,084

Library 129,327 ... 129,327 122,215

Buildings (improvement) 28,126 91,662 119,788 85,758

Total 665,662 926,904 1,592,566 1,598,870

General expenses

Educational and research supplies . 882,191 687,877 1,570,068 1,673,537

Building maintenance 751,062 ... 751,062 860,191

Investment services 736,003 . .

.

736,003 690,005

Administrative 593,283 90,700 683,983 724,300

Travel 323,459 130,151 453,610 528,872

Retiree and special employee benefits . 223,482 ... 223,482 211,123

General insurance 272,107 ... 272,107 164,614

Publications 153,872 30,686 184,558 163,253

Professional and consulting fees . . 324,580 128,242 452,822 119,513

Commissary 36,676 ... 36,676 35,293

Shop 57,504 ... 57,504 34,136

Real estate and other taxes 14,392 . .

.

14,392 65,409

Rent 5,832 15,000 20,832 20,832

Total 4,374,443 1,082,656 5,457,099 5,291,078

Indirect costs (818,349 ) 818,349 ^_.

Total expenses $12,158,648 $4,673,644 $16,832,292 $16,070,580

The accompanying notes are an integral part of these schedules.
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Articles of Incorporation

Jiftg-ergjrtjj Congress of tjre ftniteb States of America;

&t ftxz j&eamd M>zs$ion,

Begun and held at the City of Washington on Monday, the seventh day of December, one

thousand nine hundred and three.

AN" ACT
To incorporate the Carnegie Institution of Washington.

Be it enacted by the Senate and House of Representatives of the United

States ofAmerica in Congress assembled, That the persons following, being persons

who are now trustees of the Carnegie Institution, namely, Alexander Agassiz,

John S. Billings, John L. Cadwalader, Cleveland H. Dodge, William N. Frew,

Lyman J. Gage, Daniel C. Oilman, John Hay, Henry L. Higginson, William

Wirt Howe, Charles L. Hutchinson, Samuel P. Langley, William Lindsay, Seth

Low, Wayne MacVeagh, Darius 0. Mills, S. Weir Mitchell, William W. Morrow,

Ethan A. Hitchcock, Elihu Root, John C. Spooner, Andrew D. White, Charles

D. Walcott, Carroll D. Wright, their associates and successors, duly chosen, are

hereby incorporated and declared to be a body corporate by the name of the

Carnegie Institution of Washington and by that name shall be known and have

perpetual succession, with the powers, limitations, and restrictions herein contained.

Sec. 2. That the objects of the corporation shall be to encourage, in the

broadest and most liberal manner, investigation, research, and discovery, and

the application of knowledge to the improvement of mankind; and in particular

—

(a) To conduct, endow, and assist investigation in any department of

science, literature, or art, and to this end to cooperate with governments,

universities, colleges, technical schools, learned societies, and individuals.

(b) To appoint committees of experts to direct special lines of research.

(c) To publish and distribute documents.

(d) To conduct lectures, hold meetings, and acquire and maintain a library.

(e) To purchase such property, real or personal, and construct such building

or buildings as may be necessary to carry on the work of the corporation.
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(f) In general, to do and perform all things necessary to promote the

objects of the institution, with full power, however, to the trustees hereinafter

appointed and their successors from time to time to modify the conditions and

reflations under which the work shall be carried on, so as to secure the

application of the funds in the manner best adapted to the conditions of the time,

provided that the objects of the corporation shall at all times be among the

foregoing or kindred thereto.

Sec. 3. That the direction and management of the affairs of the corporation

and the control and disposal of its property and funds shall be vested in a board

of trustees, twenty-two in number, to be composed of the following individuals

:

Alexander Agassiz, John 8. Billings, John L. Cadwalader, Cleveland H. Dodge,

William N. Frew, Lyman J. Gage, Daniel C. Gilman, John Hay, Henry

L. Higginson, William Wirt Howe, Charles L. Hutchinson, Samuel P.

Langley, William Lindsay, Seth Low, Wayne MacVeagh, Darius 0. Mills,

S. Weir Mitchell, William W. Morrow, Ethan A. Hitchcock, Elihu Root,

John C. Spooner, Andrew D. White, Charles D. Walcott, Carroll D. Wright,

who shall constitute the first board of trustees. The board of trustees shall

have power from time to time to increase its membership to not more than

twenty-seven members. Vacancies occasioned by death, resignation, or otherwise

shall be filled by the remaining trustees in such manner as the by-laws shall

prescribe; and the persons so elected shall thereupon become trustees and also

members of the said corporation. The principal place of business of the said

corporation shall be the city of Washington, in the District of Columbia.

Sec. 4. That such board of trustees shall be entitled to take, hold and

administer the securities, funds, and property so transferred by said Andrew

Carnegie to the trustees of the Carnegie Institution and such other funds or

property as may at any time be given, devised, or bequeathed to them, or to such

corporation, for the purposes of the trust ; and with full power from time to time to

adopt a common seal, to appoint such officers, members of the board of trustees or

otherwise, and such employees as may be deemed necessary in carrying on the

business of the corporation, at such salaries or with such remuneration as they may

deem proper; and with full power to adopt by-laws from time to time and such rules

or regulations as may be necessary to secure the safe and convenient transaction

of the business of the corporation ; and with full power and discretion to deal

with and expend the income of the corporation in such manner as in their

judgment will best promote the objects herein set forth and in general to have

and use all powers and authority necessary to promote such objects and carry out

the purposes of the donor. The said trustees shall have further power from time
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to time to hold as investments the securities hereinabove referred to so transferred

by Andrew Carnegie, and any property which has been or may be transferred

to them or such corporation by Andrew Carnegie or by any other person,

persons, or corporation, and to invest any sums or amounts from time to time

in such securities and in such form and manner as are permitted to trustees

or to charitable or literary corporations for investment, according to the laws

of the States of New York, Pennsylvania, or Massachusetts, or in such securities

as are authorized for investment by the said deed of trust so executed by Andrew

Carnegie, or by any deed of gift or last will and testament to be hereafter made

or executed.

Sec. 5. That the said corporation may take and hold any additional

donations, grants, devises, or bequests which may be made in further support of

the purposes of the said corporation, and may include in the expenses thereof

the personal expenses which the trustees may incur in attending meetings or

otherwise in carrying out the business of the trust, but the services of the

trustees as such shall be gratuitous.

Sec. 6. That as soon as may be possible after the passage of this Act a

meeting of the trustees hereinbefore named shall be called by Daniel C. Gilman,

John S. Billings, Charles D. Walcott, S. Weir Mitchell, John Hay, Elihu Root,

and Carroll D. Wright, or any four of them, at the city of Washington, in

the District of Columbia, by notice served in person or by mail addressed to

each trustee at his place of residence; and the said trustees, or a majority

thereof, being assembled, shall organize and proceed to adopt by-laws, to elect

officers and appoint committees, and generally to organize the said corporation;

and said trustees herein named, on behalf of the corporation hereby incorporated,

shall thereupon receive, take over, and enter into possession, custody, and

management of all property, real or personal, of the corporation heretofore known

as the Carnegie Institution, incorporated, as hereinbefore set forth under "An Act

to establish a Code of Law for the District of Columbia, January fourth, nineteen

hundred and two," and to all its rights, contracts, claims, and property of any

kind or nature ; and the several officers of such corporation, or any other person

having charge of any of the securities, funds, real or personal, books or property

thereof, shall, on demand, deliver the same to the said trustees appointed by this

Act or to the persons appointed by them to receive the same; and the trustees

of the existing corporation and the trustees herein named shall and may take

such other steps as shall be necessary to carry out the purposes of this Act.

Sec. 7. That the rights of the creditors of the said existing corporation

known as the Carnegie Institution shall not in any manner be impaired by the
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passage of this Act, or the transfer of the property hereinbefore mentioned, nor

shall any liability or obligation for the payment of any sums due or to become

due, or any claim or demand, in any manner or for any cause existing against

the said existing corporation, be released or impaired ; but such corporation hereby

incorporated is declared to succeed to the obligations and liabilities and to be held

liable to pay and discharge all of the debts, liabilities, and contracts of the said

corporation so existing to the same effect as if such new corporation had itself

incurred the obligation or liability to pay such debt or damages, and no such action

or proceeding before any court or tribunal shall be deemed to have abated or been

discontinued by reason of the passage of this Act.

Sec. 8. That Congress may from time to time alter, repeal, or modify this

Act of incorporation, but no contract or individual right made or acquired shall

thereby be divested or impaired.

Sec. 9. That this Act shall take effect immediately.

President of the Senate pro tempore.



By -Laws of the Institution
Adopted December 13, 1901*. Amended December 13, 1910, December 13, 1912, December 10,

1937, December 15, 1939, December 13, 1940, December 18, 191*2, December 12, 1947,

December 10, 1954, October 24, 1957, May 8, 1959, May 13, 1960, May 10, 1963, May 15, 1964,

March 6, 1967, May 3, 1968, May 14, 1971, August 31, 1972, May 9, 1974, April 30, 1976,

May 1, 1981, May 7, 1982, May 3, 1985, May 9, 1986, and May 15, 1987.

ARTICLE I

The Trustees

1.1. The Board of Trustees shall consist of twenty-four members with power to increase

its membership to not more than twenty-seven members.
1.2. The Board of Trustees shall be divided into three classes each having eight or nine

members. The terms of the Trustees shall be such that those of the members of one class

expire at the conclusion of each annual meeting of the Board. At each annual meeting of

the Board vacancies resulting from the expiration of Trustees' terms shall be filled by
their re-election or election of their successors. Trustees so re-elected or elected shall

serve for terms of three years expiring at the conclusion of the annual meeting of the

Board in the third year after their election. A vacancy resulting from the resignation,

death, or incapacity of a Trustee before the expiration of his* term may be filled by elec-

tion of a successor at or between annual meetings. A person elected to succeed a Trustee

before the expiration of his term shall serve for the remainder of that term. There shall

be no limit on the number of terms for which a Trustee may serve, and a Trustee shall be

eligible for immediate re-election upon expiration of his term.

1.3. No Trustee shall receive any compensation for his services as such.

1.4. Trustees shall be elected by vote of two-thirds of the Trustees present at a meeting
of the Board of Trustees at which a quorum is present or without a meeting by written ac-

tion of all of the Trustees pursuant to Section 4.6.

1.5. If, at any time during an emergency period, there be no surviving Trustee capable

of acting, the President, the Director of each existing Department, or such of them as

shall then be surviving and capable of acting, shall constitute a Board of Trustees pro tern,

with full powers under the provisions of the Articles of Incorporation and these By-Laws.
Should neither the President nor any such Director be capable of acting, the senior sur-

viving Staff Member of each existing Department shall be a Trustee pro tern with full

powers of a Trustee under the Articles of Incorporation and these By-Laws. It shall be in-

cumbent on the Trustees pro tern to reconstitute the Board with permanent members
within a reasonable time after the emergency has passed, at which time the Trustees pro
tern shall cease to hold office. A list of Staff Member seniority, as designated annually by
the President, shall be kept in the Institution's records.

1.6. A Trustee who resigns after having served at least six years and having reached
age seventy shall be eligible for designation by the Board of Trustees-as a Trustee Emeri-
tus. A Trustee Emeritus shall be entitled to attend meetings of the Board but shall have
no vote and shall not be counted for purposes of ascertaining the presence of a quorum.
A Trustee Emeritus may be invited to serve in an advisory capacity on any committee of

the Board except the Executive Committee.

*A masculine pronoun as used in these By-Laws shall be deemed to include the corre-

sponding female pronoun.
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ARTICLE II

Officers of the Board

2.1. The officers of the Board shall be a Chairman of the Board, a Vice-Chairman, and
a Secretary, who shall be elected by the Trustees, from the members of the Board, by bal-

lot to serve for a term of three years. All vacancies shall be filled by the Board for the un-

expired term; provided, however, that the Executive Committee shall have power to fill

a vacancy in the office of Secretary to serve until the next meeting of the Board of

Trustees.

2.2. The Chairman shall preside at all meetings and shall have the usual powers of a

presiding officer.

2.3. The Vice-Chairman, in the absence or disability of the Chairman, shall perform the

duties of the Chairman.
2.4. The Secretary shall issue notices of meetings of the Board, record its transactions,

and conduct that part of the correspondence relating to the Board and to his duties.

ARTICLE III

Executive Administration

3.1. There shall be a President who shall be elected by ballot by, and hold office during
the pleasure of, the Board, who shall be the chief executive officer of the Institution. The
President, subject to the control of the Board and the Executive Committee, shall have
general charge of all matters of administration and supervision of all arrangements for

research and other work undertaken by the Institution or with its funds. He shall prepare

and submit to the Board of Trustees and to the Executive Committee plans and sugges-

tions for the work of the Institution, shall conduct its general correspondence and the cor-

respondence with applicants for grants and with the special advisors of the Committee,
and shall present his recommendations in each case to the Executive Committee for deci-

sion. All proposals and requests for grants shall be referred to the President for consider-

ation and report. He shall have power to remove, appoint, and, within the scope of funds

made available by the Trustees, provide for compensation of subordinate employees and
to fix the compensation of such employees within the limits of a maximum rate of com-
pensation to be established from time to time by the Executive Committee. He shall be ex

officio a member of the Executive Committee.
3.2. The President shall be the legal custodian of the seal and of all property of the In-

stitution whose custody is not otherwise provided for. He shall sign and execute on behalf

of the corporation all contracts and instruments necessary in authorized administrative

and research matters and affix the corporate seal thereto when necessary, and may dele-

gate the performance of such acts and other administrative duties in his absence to other

officers. He may execute all other contracts, deeds, and instruments on behalf of the cor-

poration and affix the seal thereto when expressly authorized by the Board of Trustees

or Executive Committee. He may, within the limits of his own authorization, delegate to

other officers authority to act as custodian of and affix the corporate seal. He shall be re-

sponsible for the expenditure and disbursement of all funds of the Institution in accord-

ance with the directions of the Board and of the Executive Committee, and shall keep ac-

curate accounts of all receipts and disbursements. He shall, with the assistance of the

Directors of the Departments, prepare for presentation to the Trustees and for publica-

tion an annual report on the activities of the Institution.

3.3. The President shall attend all meetings of the Board of Trustees.

3.4. The c orporation shall have such other officers as may be appointed by the Execu-

tive Committee, having such duties and powers as may be specified by the Executive Com-
mittee or by the President under authority from the Executive Committee.
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3.5. The President shall retire from office at the end of the fiscal year in which he be-

comes sixty-five years of age. The corporate officers appointed by the Executive Commit-
tee and the Directors of Departments shall retire at the end of the fiscal year in which
they become sixty-five years of age, except as otherwise required by law or as retirement

may be deferred by the Executive Committee.

ARTICLE IV

Meetings and Voting

4.1. The annual meeting of the Board of Trustees shall be held in the City of Washing-
ton, in the District of Columbia, in May of each year on a date fixed by the Executive Com-
mittee, or at such other time or such other place as may be designated by the Executive

Committee, or if not so designated prior to May 1 of such year, by the Chairman of the

Board of Trustees, or if he is absent or is unable or refuses to act, by any Trustee with the

written consent of the majority of the Trustees then holding office.

4.2. Special meetings of the Board of Trustees may be called, and the time and place of

meeting designated, by the Chairman, or by the Executive Committee, or by any Trustee

with the written consent of the majority of the Trustees then holding office. Upon the

written request of seven members of the Board, the Chairman shall call a special meeting.

4.3. Notices of meetings shall be given ten days prior to the date thereof. Notice may
be given to any Trustee personally, or by mail or by telegram sent to the usual address of

such Trustee. Notices of adjourned meetings need not be given except when the adjourn-

ment is for ten days or more.

4.4. The presence of a majority of the Trustees holding office shall constitute a quorum
for the transaction of business at any meeting. An act of the majority of the Trustees

present at a meeting at which a quorum is present shall be the act of the Board except as

otherwise provided in these By-Laws. If, at a duly called meeting, less than a quorum is

present, a majority of those present may adjourn the meeting from time to time until a

quorum is present. Trustees present at a duly called or held meeting at which a quorum
is present may continue to do business until adjournment notwithstanding the withdraw-
al of enough Trustees to leave less than a quorum.

4.5. The transactions of any meeting, however called and noticed, shall be as valid as

though carried out at a meeting duly held after regular call and notice, if a quorum is pres-

ent and if, either before or after the meeting, each of the Trustees not present in person
signs a written waiver of notice, or consent to the holding of such meeting, or approval of

the minutes thereof. All such waivers, consents, or approvals shall be filed with the corpo-

rate records or made a part of the minutes of the meeting.

4.6. Any action which, under law or these By-Laws, is authorized to be taken at a meet-
ing of the Board of Trustees or any of the Standing Committees may be taken without a

meeting if authorized in a document or documents in writing signed by all the Trustees,

or all the members of the Committee, as the case may be, then holding office and filed

with the Secretary.

4.7. During an emergency period the term "Trustees holding office" shall, for purposes
of this Article, mean the surviving members of the Board who have not been rendered
incapable of acting for any reason including difficulty of transportation to a place of

meeting or of communication with other surviving members of the Board.

ARTICLE V

Committees

5.1. There shall be the following Standing Committees, viz. an Executive Committee,

a Finance Committee, an Auditing Committee, a Nominating Committee, and an Employ-
ee Benefits Committee.

5.2. All vacancies in the Standing Committees shall be filled by the Board of Trustees

at the next annual meeting of the Board and may be filled at a special meeting of the
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Board. A vacancy in the Executive Committee and, upon request of the remaining mem-
bers of any other Standing Committee, a vacancy in such other Committee may be filled

by the Executive Committee by temporary appointment to serve until the next meeting
of the Board.

5.3. The terms of all officers and of all members of Committees, as provided for herein,

shall continue until their successors are elected or appointed. The term of any member of

a Committee shall terminate upon termination of his service as a Trustee.

Executive Committee

5.4. The Executive Committee shall consist of the Chairman, Vice-Chairman, and Sec-

retary of the Board of Trustees, the President of the Institution ex officio, and, in addi-

tion, not less than five or more than eight Trustees to be elected by the Board by ballot

for a term of three years, who shall be eligible for re-election. Any member elected to fill

a vacancy shall serve for the remainder of his predecessor's term. The presence of four

members of the Committee shall constitute a quorum for the transaction of business at

any meeting.

5.5. The Executive Committee shall, when the Board is not in session and has not given

specific directions, have general control of the administration of the affairs of the corpo-

ration and general supervision of all arrangements for administration, research, and
other matters undertaken or promoted by the Institution. It shall also submit to the

Board of Trustees a printed or typewritten report of each of its meetings, and at the annu-
al meeting shall submit to the Board a report for publication.

5.6. The Executive Committee shall have power to authorize the purchase, sale, ex-

change, or transfer of real estate.

Finance Committee

5.7. The Finance Committee shall consist of not less than five and not more than six

members to be elected by the Board of Trustees by ballot for a term of three years, who
shall be eligible for re-election. The presence of three members of the Committee shall

constitute a quorum for the transaction of business at any meeting.

5.8. The Finance Committee shall have custody of the securities of the Institution and
general charge of its investments and invested funds and shall care for and dispose of the

same subject to the directions of the Board of Trustees. It shall have power to authorize

the purchase, sale, exchange, or transfer of securities and to delegate this power. For any
retirement or other benefit plan for the staff members and employees of the Institution,

it shall be responsible for supervision of matters relating to investments, appointment or

removal of any investment manager or advisor, reviewing the financial status and ar-

rangements, and appointment or removal of any plan trustee or insurance carrier. It shall

consider and recommend to the Board from time to time such measures as in its opinion

will promote the financial interests of the Institution and improve the management of in-

vestments under any retirement or other benefit plan. The Committee shall make a re-

port at the annual meeting of the Board.

Auditing Committee

5.9. The Auditing Committee shall consist of three members to be elected by the Board
of Trustees by ballot for a term of three years.

5.10. Before each annual meeting of the Board of Trustees, the Auditing Committee
shall cause the accounts of the Institution for the preceding fiscal year to be audited by
public accountants. The accountants shall report to the Committee, and the Committee
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shall present said report at the ensuing annual meeting of the Board with such recom-

mendations as the Committee may deem appropriate.

Nominating Committee

5.11. The Nominating Committee shall consist of the Chairman of the Board of Trus-

tees ex officio and, in addition, three Trustees to be elected by the Board by ballot for a

term of three years, who shall be eligible for re-election, but, after serving for two consec-

utive terms, not until after the lapse of one year. Any member elected to fill a vacancy

shall serve for the remainder of his predecessor's term. The Chairman of the Board shall

appoint a member of the Committee as Chairman for a term expiring no later than the

expiration of his term as a member.
5.12. Sixty days prior to an annual meeting of the Board the Nominating Committee

shall notify the Trustees by mail of the vacancies to be filled in membership of the Board.

Each Trustee may submit nominations for such vacancies. Nominations so submitted

shall be considered by the Nominating Committee, and ten days prior to the annual meet-

ing the Nominating Committee shall submit to members of the Board by mail a list of the

persons so nominated, with its recommendations for filling existing vacancies on the

Board and its Standing Committees. No other nominations shall be received by the Board
at the annual meeting except with the unanimous consent of the Trustees present.

Employee Benefits Committee

5.13. The Employee Benefits Committee shall consist of not less than three and not

more than four members to be elected by the Board of Trustees by ballot for a term of

three years, who shall be eligible for re-election, and the Chairman of the Finance Com-
mittee ex officio. Any member elected to fill a vacancy shall serve for the remainder of

his predecessor's term.

5.14. The Employee Benefits Committee shall, subject to the directions of the Board of

Trustees, be responsible for supervision of the activities of the administrator or adminis-

trators of any retirement or other benefit plan for staff members and employees of the

Institution, except that any matter relating to investments or to the appointment or re-

moval of any trustee or insurance carrier under any such plan shall be the responsibility

of the Finance Committee. It shall receive reports from the administrator or administra-

tors of the employee benefit plans with respect to administration, benefit structure,

operation, and funding. It shall consider and recommend to the Board from time to time

such measures as in its opinion will improve such plans and the administration thereof.

The Committee shall submit a report to the Board at the annual meeting of the Board.

ARTICLE VI

Financial Administration

6.1. No expenditure shall be authorized or made except in pursuance of a previous ap-

propriation by the Board of Trustees, or as provided in Section 5.8 of these By-Laws.
6.2. The fiscal year of the Institution shall commence on the first day of July in each

year.

6.3. The Executive Committee shall submit to the annual meeting of the Board a full

statement of the finances and work of the Institution for the preceding fiscal year and a

detailed estimate of the expenditures of the succeeding fiscal year.

6.4. The Board of Trustees, at the annual meeting in each year, shall make general ap-

propriations for the ensuing fiscal year; but nothing contained herein shall prevent the

Board of Trustees from making special appropriations at any meeting.
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6.5. The Executive Committee shall have general charge and control of all appropria-

tions made by the Board. Following the annual meeting, the Executive Committee may al-

locate these appropriations for the succeeding fiscal year. The Committee shall have full

authority to reallocate available funds, as needed, and to transfer balances.

6.6. The securities of the Institution and evidences of property, and funds invested and
to be invested, shall be deposited in such safe depository or in the custody of such trust

company and under such safeguards as the Finance Committee shall designate, subject

to directions of the Board of Trustees. Income of the Institution available for expenditure

shall be deposited in such banks or depositories as may from time to time be designated

by the Executive Committee.
6.7. Any trust company entrusted with the custody of securities by the Finance Com-

mittee may, by resolution of the Board of Trustees, be made Fiscal Agent of the Institu-

tion, upon an agreed compensation, for the transaction of the business coming within the

authority of the Finance Committee.
6.8. The property of the Institution is irrevocably dedicated to charitable purposes, and

in the event of dissolution its property shall be used for and distributed to those charita-

ble purposes as are specified by the Congress of the United States in the Articles of Incor-

poration, Public Law No. 260, approved April 28, 1904, as the same may be amended from
time to time.

ARTICLE VII

Amendment ofBy-Laws

7.1. These By-Laws may be amended at any annual or special meeting of the Board of

Trustees by a two-thirds vote of the members present, provided written notice of the pro-

posed amendment shall have been served personally upon, or mailed to the usual address

of, each member of the Board twenty days prior to the meeting.
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